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ABSTRACT
CHAPTER1
A general introduction to olefin metathesis is given. Highlights include a detailed discussion of
group VI imido alkylidene catalysts.
CHAPTER 2
Several bispyrrolide species Mo(NAr)(CHCMe 2Ph)(pyr)2 (Ar = 2,6-i-Pr2C6H3, pyr = 2,3,4,5-
tetramethylpyrrolide, 2,5-diisopropylpyrrolide, or 2,5-diphenylpyrrolide) have been synthesized
and characterized. X-ray structural studies of these species display one r 1-pyrrolide ring and one
-1 5 pyrrolide ring. Monohexafluoro-t-butoxide pyrrolide (MAP) species can be prepared, either
through addition of one equiv of Me(CF 3)2COH to a bispyrrolide or through reactions between
the lithium pyrrolide and the bishexafluoro-t-butoxide. Trimethylphosphine adducts of MAP
hexafluoro-t-butoxide species, Mo(NAr)(CHCMe 2Ph)(pyr)[OC(CF 3)2Me](PMe3), have been
prepared. An X-ray structural study of one of these phosphine adducts was found to have PMe3
bound approximately trans to the pyrrolide. This adduct serves as a model for the structure of the
initial olefin adduct in olefin metathesis.
CHAPTER 3
The two diastereomers of Mo(NAr)(CHCMe 2Ph)(2,5-dimethylpyrrolide)(OBitet) ((SMRJ)-1 and
(RMR])-1, respectively, where OBitet is an enantiomerically pure (R) phenoxide and Ar = 2,6-
diisopropylphenyl), form adducts with PMe 3. One of these ((RmR)-1(PMe3)) has been isolated.
An X-ray structure reveals that PMe 3 has added trans to the pyrrolide; it is a model for where an
olefin would attack the metal. Trimethylphosphine will catalyze slow interconversion of (SMRI)-
1 and (RMRJ)-1 via formation of weak PMe3 adducts, which undergo a series of Berry
pseudorotations or (equivalent) turnstile rearrangements. The interconversion of diastereomers in
the presence of trimethylphosphine was investigated by a variety of kinetic studies, variable
temperature NMR spectroscopic studies, and labeling studies.
CHAPTER 4
Addition of ethylene to Mo(NAr)(CHCMe 2Ph)(OBitet)(2,5-Me2Pyr) led to the trigonal
bipyramidal metallacyclobutane complex, Mo(NAr)(C 3H6)(OBitet)(2,5-Me 2Pyr), in which the
imido and aryloxide ligands occupy axial positions. NMR studies of
Mo(NAr)(C 3H6)(OBitet)(2,5-Me 2Pyr) showed that the metallacyclobutane - species is in
equilibrium with ethylene/methylidene intermediates before losing ethylene to yield the
respective methylidene complexes. Detailed NMR studies of Mo(NAr)(C 3H6)(OBitet)(Me 2Pyr)
were carried out and compared with previous studies of W(NAr)(C 3H6)(OBitet)(Me 2Pyr). .It
could be shown that Mo(NAr)(C 3H6)(OBitet)(Me 2Pyr) forms an ethylene/methylidene
intermediate at 20 0C at a rate that is 4500 times faster than the rate at which
W(NAr)(C 3H6)(OBitet)(Me 2Pyr) forms an ethylene/methylidene intermediate. It is proposed that
the stability of methylidene complexes coupled with their high reactivity account for the high
efficiency of many olefin metathesis processes that employ MonoAryloxidePyrrolide (MAP)
catalysts.
CHAPTER 5
MonoAryloxide-Pyrrolide (MAP) olefin metathesis catalysts of molybdenum that contain a
chiral bitetralin-based aryloxide ligand are efficient for ethenolysis of methyl oleate,
cyclooctene, and cyclopentene. Ethenolysis of 5000 equivalents of methyl oleate produced 1-
decene (1D) and methyl-9-decenoate (M9D) with a selectivity of >99%, yields up to 95%, and a
TON (turnover number) of 4750 in 15 hours. Tungstacyclobutane catalysts gave yields
approximately half those of molybdenum catalysts, either at room temperature or at 50 0C,
although selectivity was still >99%. Ethenolysis of 30000 equiv of cyclooctene to 1,9-decadiene
could be carried out with a TON of 22500 at 20 atm (75% yield), while ethenolysis of 10000
equiv of cyclopentene to 1,6-heptadiene could be carried out with a TON of 5800 at 20 atm (58%
yield). Some MonoAryloxide-Pyrrolide (MAP) olefin metathesis catalysts of molybdenum that
are Z selective for the homocoupling of terminal olefins can be employed for the selective
ethenolysis of Z internal olefins in the presence of E internal olefins in minutes at 22 0C.
Therefore it is possible to take an E:Z mixture to a pure E product by selectively destroying the Z
component and removing the resulting low molecular weight ethenolysis products. Exclusively E
olefins can be obtained from terminal olefins in a two step process: the first step consists of a
nonselective homocoupling to give approximately a 4:1 E:Z; while the second step consists of Z-
selective ethenolysis of the olefinic mixture to generate pure E-olefin. Several functional groups
can be tolerated, such as ethers and esters.
CHAPTER 6
3,5-Dimethylphenylimido complexes of tungsten can be prepared using procedures analogous to
those employed for other tungsten catalysts, as can bispyrrolide species, and MonoAryloxide-
Pyrrolide (MAP) species. X-ray structural studies of metallacylcobutane MAP species show
them to have the expected TBP geometry with the imido and aryloxide ligands in apical
positions. Homocoupling of 1-hexene, 1-octene, and methyl-10-undecenoate are achieved in 45-
89% yield and a Z-selectivity of >99% with W(NAr")(C 3H6)(pyr)(OHIPT) (Ar" = 3,5-Me 2C6H3;
HIPT = 2,6-(2,4,6-(i-Pr) 3C6H2)2C6H3) as a catalyst. Homocoupling of terminal olefins in the
presence of E olefins elsewhere in the molecule was achieved with excellent selectivity.
CHAPTER 7
A monotriflate species, Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTt) (Ad = 1-Adamantyl), is obtained
by salt metathesis of bistriflate species and one equivalent of lithium alkoxide. Addition of PMe 3
to the monotriflate species led to the formation of a phosphine adduct. An X-ray structural study
revealed a square pyramidal coordination environment, with the alkylidene in the apical position
and the phophine trans to the triflate ligand. The triflate can be exchanged with a variety of
anionic ligands, such as 2-Mespyrrolide and t-butoxide. These species have been characterized
by X-ray crystallography and they reveal the expected tetrahedral geometry.
CHAPTER 8
Exposure of diethylether solution of Mo(NAr)(CHCMe 2Ph)(Me2Pyr)(OSiPh3) (1) to one
atmosphere of ethylene for one hour led to the formation of the ethylene complex
Mo(NAr)(CH 2CH 2)(Me 2Pyr)(OSiPh 3) (2). Addition of one equivalent of triphenylsilanol to a
solution of 2 gives Mo(NAr)(CH 2CH 2)(OSiPh 3)2 (3) readily. Mo(NAr)(CHCMe 2Ph)(OTf)2(dme)
reacts slowly with ethylene (60 psi) in toluene at 80 'C to give cis and trans isomers of
Mo(NAr)(CH 2CH 2)(OTf)2(dme) (4a) in the ratio of -2(cis):1. Addition of lithium 2,5-
dimethylpyrrolide to 4a under 1 atm of ethylene produces Mo(NAr)(CH 2CH 2)(h-Me2Pyr)(h 5-
Me2Pyr) (5). Neat styrene reacts with 2 and 3 to generate the styrene complexes,
Mo(NAr)(CH 2CHPh)(Me2Pyr)(OSiPh 3) (6) and Mo(NAr)(CH 2CHPh)(OSiPh 3)2 (7), respectively.
Similarly, the trans-3-hexene complex, Mo(NAr)(trans-3-hexene)(OSiPh 3)2 (8a), can be
prepared from 3 and neat trans-3-hexene. When 3 is exposed to 1 atm of ethylene, the
molybdacyclopentane species, Mo(NAr)(C 4Hs)(OSiPh3)2 (9), is generated. X-ray structural
studies were carried out on 2, 5, 7, 8a, and 9. All evidence suggests that alkene exchange at the
Mo(IV) center is facile, followed by cis,trans isomerization and isomerization via double bond
migration. In addition, trace amounts of alkylidene complexes are formed that result in slow
metathesis reactions of free olefins to give (e.g.) a distribution of all possible linear olefins from
an initial olefin and its double bond isomers.
APPENDIX A
Monopyrrolide monothiolate species of type Mo(NAr)(CHR)(2,5-Me 2NC4H2)(SR') (Ar = 2,6-i-
Pr2C6H3; R = CMe3, CMe2Ph; R'= 2,6-Me 2C6H3, C6F5) have been synthesized by protonolysis of
Mo(NAr)(CHR)(2,5-Me 2NC4H2)2 with one equivalent of R'SH. Addition of one equiv of 2,6-
Me2C6H3SH to Mo(NAr)(CHCMe 2Ph)[OC(CF 3)2Me] 2  led to the formation of
Mo(NAr)(CHCMe 2Ph)(2,6-Me2C6H3S)[OCMe(CF 3)2] (3) in good yield. Using the same method,
Mo(NAr)(CHCMe 3)(SCMe 3)[OC(CF 3)2Me] (4) was synthesized. A ligand scrambling effect was
observed by 1H NMR spectroscopy leading to the formation of bisalkoxide and bisthiolate
species. The bisalkoxide species, Mo(NAr)(CHCMe 2Ph)(OBitet) 2, was synthesized by salt
metathesis of Mo(NAr)(CHCMe 2Ph)(OTf) 2(dme) and two equivalents of BitetONa. An X-ray
structural study of this compound shows an anti configuration of the alkylidene.
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indolyl
isopropyl (2-propyl)
ipso position of phenyl ring
coupling constant between two nuclei, A and B
rate constant
Kelvin
multiplet or meter
meta position of phenyl ring
MonoAlkoxidelyrrolide
Me
M9D
Me2Pyr
Mes
mg
mL
min
mmol
m.p.
MS
neopentyl, Np
neophyl
NMR
NOESY
0-
OAc
OTf
Ph
ppm
Py
pyr
q
R-
RCMP
ROMP
S
S-
syn
t
T
TBS
THF
TMS
TOF
TON
TPP
Trip
VT
XRD
L
methyl
methyl-9-decenoate
2,5-dimethylpyrrolyl
mesityl (2,4,6-trimethylphenyl)
milligram
milliliter
minute(s)
milimole(s)
melting point
mass spectrometry
2,2-dimethylpropyl (CH 2-t-Bu)
2-methyl-2-phenylpropyl (CH 2CMe2Ph)
nuclear magnetic resonance
Nuclear Overhauser Effect SpectroscopY
ortho position of phenyl ring
acetate
trifluoromethanesulfonato (triflate; OSO 2CF 3)
para position of phenyl ring
phenyl (C6H5)
parts per million
pyridine
pyrrolyl, pyrrolide
quartet
R-configuration
ring-closing metathesis polymerization
ring-opening metathesis polymerization
singlet
S-configuration
alkylidene isomer with hydrogen substituent away from the imido
group
triplet
temperature
dimethyl-tert-butylsilyl (Si(t-Bu)Me 2)
tetrahydrofuran
trimethylsilyl
turnover frequency
turnover number
2,3,5,6-tetraphenylphenol
2,4,6-triisopropylphenyl
variable temperature
X-ray diffraction
chemical shift
micro liter(s)
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4 Mo(NAr)(CHCMe 2Ph)(2,5-Ph 2NC4H2)2
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9 Mo(NAr)(CHCMe 2Ph)(2,5-i-Pr 2NC4H2)[OC(CF 3)2Me](PMe 3)
10 Mo(NAr)(CHCMe 2Ph)(2,5-Ph 2NC4H2)[OC(CF 3)2Me](PMe 3)
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1 Mo(NAr)(CHCMe 2Ph)(Me2Pyr)(OBitet)
(R)-1(PMe3) (R)-Mo(NAr)(CHCMe 2Ph)(Me2Pyr)(OBitet)(PMe 3)
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1 Mo(NAr)(CHCMe 2Ph)(Me2Pyr)(OBitet) (M = Mo, W)
2 M(NAr)(CH 2)(Me 2Pyr)(OTPP) (M = Mo, W)
3 M(NAr)(CH 2)(Pyr)(OHIPT) (M = Mo, W)
4 M(NAr)(C 3H6)(Me2Pyr)(OBitet) (M = Mo, W)
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7a W(3,5-Me 2C6H3N)(CHCMe 2Ph)(NC4H4)2(dme)
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8a W(3,5-Me 2C6H3N)(CHCMe 2Ph)(2,5-Me2NC4H2)(OHIPT)
8b W(3,5-Me 2C6H3N)(CHCMe 2Ph)(2,5-Me2NC4H2)(OTPP)
9a W(3,5-Me2C6H3N)(C 3H6)(NC 4H4)(OHIPT)
9b W(3,5-Me2C6H3N)(C 3H 6)(2-MesNC 4H3)(OTPP)
10 W(3,5-Me 2C6H3N)(CH 2)(2,5-Me 2NC4H2)(OHIPT)
11 W(3,5-Me 2C6H3N)(2,5-Me 2pyr)(OHIPT)(C4Hs)
12 E,ZE-CH3(CH 2)4CH=CH(CH 2)2CH=CH(CH 2)2CH=CH(CH2)4CH3
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1 Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf)
2 Mo(NAd)(CHCMe 2Ph)(OHIPT)(2-Mespyr)
3 Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf)(PMe 3)
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5 Mo(NAr)(CH 2CH 2)(rI 1-2,5-Me 2NC4H2)(1 5 -2,5-Me 2NC4H 2)
6 Mo(NAr)(CH 2CHPh)(2,5-Me 2NC4H2)(OSiPh 3)
7 Mo(NAr)(CH 2CHPh)(OSiPh 3)2
8a Mo(NAr)(trans-3-hexene)(OSiPh 3)2
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8c Mo(NAr)(OSiPh 3)2(trans-2-hexene)
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1 Mo(NAr)(CHCMe 2Ph)(2,5-Me2NC4H2)(2,6-Me2SC6H3)
2 Mo(NAr)(CHCMe 3)(2,5-Me 2NC4H2)(SC6F 5 )
3 Mo(NAr)(CHCMe 2Ph)(2,6-Me 2C6H3S)[OC(CF 3)2Me]
4 Mo(NAr)(CHCMe 3)(SCMe 3)[OC(CF 3)2Me]
5 Mo(NAr)(CHCMe 2Ph)(OBitet) 2
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General Introduction
Chapter 1
Catalytic olefin metathesis has had an enormous impact on modem chemical
synthesis.' Olefin metathesis involves the exchange of alkenyl groups in the presence of a
metal alkylidene catalyst to give an equilibrium mixture of cis and trans olefins as shown
in equation 1. The Nobel prize has been awarded in 2005 to Chauvin, Grubbs, and
Schrock for "the development of metathesis method in organic synthesis". 2
M=CHR"
RCH=CHR + R'CH=CHR' "' 2 RCH=CHR' (1)
(cis and trans) (cis and trans) (cis and trans)
The mechanism, first reported by Chauvin,' involves a [2+2] cycloaddition of the
olefin to the metal alkylidene complex, to generate a metallacyclobutane intermediate,
which undergoes cycloreversion to yield the desired olefin and a new metal alkylidene
species (Scheme 1). A detailed catalytic cycle is illustrated in Scheme 2.
R"l
M=CHR" + RCH=CHR , ' M R , M=CHR + RCH=CHR"
R
Scheme 1. Pairwise olefin metathesis mechanism.
A class of organometallic compounds that have been extensively used by Schrock
et al. in olefin metathesis reactions are molybdenum and tungsten imido alkylidene
complexes of type M(NR)(CHR')(OR") 2 (Figure 1 ).1b The general formula of these
complexes includes the required alkylidene, an imido ligand, and two alkoxide ligands,
which can be either achiral or chiral (biphenolates with axial chirality). The imido group
provides steric protection to the metal center thereby decreasing bimolecular
decomposition.
The alkoxide ligands are easily tunable; electron withdrawing alkoxides make the
metal center Lewis acidic thereby enhancing the catalytic activity. The ability to widely
vary the imido group (alkyl vs. aryl) and the alkoxide ligands is a great advantage,
because the activities of these catalysts can be controlled through variations. A variety of
biphenolates and binaphtholates complexes have been employed for enantioselective
metathesis reactions (Figure 2). The 3 and 3' position of the biphenolates and
binaphtholates ligands can be easily modified to provide huge steric and significant
electronic differences.
W.e-- - - - -1 "-1 - - - ----- --
Initiation
R
R
R
R
R
R R'
R
R
+R'
RR
R
LnV
R' R'
R
eR' = S
R'R
Scheme 2. Detailed catalytic cycle of olefin metathesis reactions.
N
11
R"O.',, M R'
R"O1
R
N
I I
0axial c',,, R'
* O axial chirality
M = Mo, W; R = aryl, alkyl; R" = aryl, alkyl, silyl, etc.
Figure 1. Molybdenum and tungsten imido alkylidene
M(NR)(CHR')(OR") 2.
complexes of type
In four-coordinate M(NR)(CHR')(OR") 2 complexes, the d orbital that is involved
in the formation of the M=C bond lies perpendicular to the Nimido-Mo-Cipso plane due to
the pseudo-triple bond that exists between the metal center and the imido nitrogen atom
(Figure 3).4 In this situation, two isomers of the metal imido alkylidene complexes are
possible. A syn isomer results when the alkylidene substituent (R') points toward the
imido ligand, while the anti isomer results when the alkylidene substituent (R') points
away from the imido group. The two isomers can interconvert in the absence of an olefin
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only if the d orbital used to form one of the two a bonds to the imide nitrogen becomes
available in order to stabilize the alkylidene ligand as it rotates through the 90' transition
state.
i-Pr i-Pr Me Me CI C
N N N|| || ||
M M M
t-Bu
N
M
CF3
N
M
N
11
M
C6F5
O-
-0-
N~ 'N C6F5
Figure 2. Several imido, biphenolates and binaphtholates ligands used.
R
900
"syn" isomer
JCH s 130 Hz
90*
"ant' isomer
JCH 2 140 Hz
Figure 3. Schematic representation of the orbital orientation in syn and anti isomers.
The syn and anti isomers are easily distinguished by NMR spectroscopy via
determination of the coupling constant of the alkylidene c-proton with the alkylidene a-
carbon. In the anti isomers the JCH is generally greater than 140 Hz, whereas in the syn
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isomers, the JCH is usually about 120 Hz. In the syn isomer an agostic interaction is
proposed to exist between the CQ-H bond and the transitional metal center.' This
hyperconjugation (GC-H - G Mo-N) increases the a character of the C.-H. bond, by
lowering the coupling constant JCHl (decreasing the r contribution) and increasing the
Mo=C, bond character to a pseudo triple bond. Thus, the syn isomer is often the lower
energy species due to the stabilization gained through the agostic interaction of the metal
with the C0-He bond. Interconversion of the syn and anti isomers requires breaking of the
metal-imido pseudo triple bond thereby freeing the metal based orbital to stabilize the
rotating alkylidene ligand. Interconverion can be accomplished through irradiation of the
metal complexes at 360 nm. It has been found that complexes that contain electron
withdrawing alkoxide ligands generally interconvert at slower rates than those complexes
that contain electron donating alkoxide ligands. 4 This finding can be rationalized by the
fact that complexes which contain electron withdrawing alkoxide ligands should have a
stronger metal-imido triple bond and therefore, breakage of part of the bond in order to
allow for alkylidene to rotate should be less favorable in this case.
Several representative olefin metathesis reactions are illustrated in Scheme 3. l
Homocoupling and cross metathesis reactions are combination of two identical or
different olefins with the expulsion of ethylene, which can provide a kinetic driving force
if the system is open to allow for ethylene release. The reverse reaction is ethenolysis and
high pressure of ethylene can drive the reaction towards the formation of terminal olefins.
Ring closing metathesis can be viewed as an intramolecular cross metathesis. RCM is
commonly used in the synthesis of complex molecules and natural products. The reverse
reaction, ring-opening cross metathesis, is driven by the release of the ring strain. Ring-
opening metathesis polymerization involves the formation of new C=C bonds via the
cleavage of C=C bonds in strained cyclic olefins. The release of the ring strain provides
the thermodynamic driving force of this reaction, which makes ROMP an irreversible
process for many olefins. ROMP is a useful technique to generate stereoregular polymers
and co-polymers.
Among the remaining challenges for olefin metathesis are enantioselective, Z-,
and E-selective olefin metathesis reactions. The reactions that require Z-/E-selectivity
are: homocoupling, cross metathesis, ring closing metathesis, ring opening cross
metathesis, and ROMP.
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Homocoupling
2 R--R--R--
Ethenolysis
Cross Metathesis (CM)
R1 + R2 R R2 + =
Ethenolysis
Ring Closing
Metathesis (RCM) 2
+ R 1 R2/1H \HR2 Ring Opening
RiHC CHR2  Cross Metatheis (ROCM)
Ring Opening Metathesis
Polymerization (ROMP)
n
Scheme 3. Representative olefin metathesis reactions.
i-Pr i-Pr i-Pr
N N
.-- ROH, THF .-
Ni-Mo CMe 2Ph 22 *C NIu"o CMe 2Ph (2)
-Me 2Pyr RO
As mentioned above, the imido and the alkoxide ligands can be widely varied
(Figure 2); this is a great advantage because the activities of these catalysts can be
controlled through variations. However, there are hundreds of catalyst variations, so we
sought a way to prepare and evaluate catalysts in situ. For this reason we prepared the
bispyrrolide species, M(NR)(CHR')(pyr) 2. We found that addition of two equivalents of a
monoalcohol, or one equivalent of diol led to the desired olefin metathesis catalysts in
situ.7 The pyrrole that is generated does not interfere with subsequent olefin metathesis
reactions. Even more interesting to us was that addition of one equivalent of alcohol led
to the formation of a new class of species, MonoAlkoxide Pyrrolide species (MAP) of
type M(NR)(CHR')(pyr)(OR") (equation 2).8 These MAP complexes were shown to
catalyze enyne metathesis, a reaction that cannot be achieved with the classical
bisalkoxide catalysts. MAP species have many new features of fundamental interest,
.......................  ....................................... ........................................................ 
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among them the most important of which are the presence of a stereogenic metal center
and high activity.
Ph
bottom N.
Mo_ ETS = 19.7 kcal/mol
H3SiO 1 
Ph Ph
front
NI-MO Mo Ers =2.7 kcal/mol
SiH 3
SiH 3  I
Ph
back
MErs = 9.2 kcallmol
(N 
O
SiH3
Scheme 4. Computational studies performed by Eisenstein et. al. on these MAP species
to investigate how an olefin approaches the stereogenic metal center. 9C
Computational studies have been performed by Eisenstein et. al. on these MAP
species and the possible pathways of how an olefin approaches the stereogenic metal
center have been investigated.9 The olefin has to coordinate cis to the alkylidene in order
to lead to productive metathesis. Therefore, there are three possible pathways for an
olefin to approach the stereogenic metal center: trans to the imido (bottom), trans to the
pyrrolide (front), or trans to the alkoxide (back) ligand (Scheme 4). For bisalkoxide
complexes the front and back approaches are equivalent. Eisenstein et al. found that the
lowest energy transition state for metathesis of the MAP species is the result of olefin
approach to the metal trans to the pyrrolide ligand.9 ' These results were explained by
Eisenstein taking into account the trans influence and trans effect theory. The imido and
the alkylidene groups have the strongest trans influence, and the alkoxide ligand has the
weakest trans influence. Therefore, it is less energy demanding to put the imido,
alkylidene and alkoxide groups in the same plane. This leaves the ethylene trans to the
pyrrolide ligand. Moreover, the calculated average Mo-C distance for Mo-ethylene
..................................................
Chapter 1
fragment in these intermediates is 2.7 A, which is about 0.5 A smaller than the average
Mo-C distance found in ethylene complexes of type Mo(NAr)(C 2H4)(pyr)(OR) (see
Chapter 8). Therefore, ethylene interacts weakly with the do metal center.
B r i-Pr i-Pr
iPr/~ i-Prr
i-Pr 
I.t-Bu
Nl -fO CeDe --Mo C(Me 2Ph
OH 22 C 0
10 min Br
Br B
TSO
(R)-BitetOH 5
d.r. = 7:1
i-Pr i-Pr
NN 5 NW--Mo,-,,CMe2Ph
1 mol% 0
in situ Br C6H6, 22 "C, 1 h
N Broi' (84% yield)
TBSO
N N
5 mol% PtO2
"Noi 1 atm H2, EtOH, 1 h
N (97% yield) N
H H
96% e.e. (+)-quebrachamine
Biological activity: a-adrenergic blocking behavior
Scheme 5. The enantioselective synthesis of (+)-quebrachamine using
Mo(NAr)(CHCMe 2Ph)(Me2pyr)(OBitet) catalyst.
These MAP species have proven to be extraordinarily reactive.' 0 Under the right
circumstances many have been found to be long-lived compared to the bisalkoxide
........... .... V, :: ............ . ...... - .....
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catalysts. For example, Mo(NAr)(CHCMe 2Ph)(Me2pyr)(OBitet) (equation 3) (OBitet is
the monophenoxide derived from (R)-3,3'-dibromo-5,5',6,6',7,7',8,8'-octahydro-1,1'-bi-2-
naphthol that is monoprotected with Si(t-Bu)Me2)) catalyzes the asymmetric ring-closing
reaction of an intermediate in the enantioselective synthesis of the Aspidosperma
alkaloid, quebrachamine (Scheme 5), a reaction that yielded no product when several
chiral Mo(NR)(CHR')(diolate) catalysts were employed." The catalyst can be employed
at relatively low loadings (1% or less), can be prepared in situ, can be employed as a
mixture of diastereomers, and can give rise to product in >95% ee.n1a
We wanted to generate a variety of bispyrrolides and MAP species and explore
their catalytic properties. Chapter 2 explores different bispyrrolides and their
corresponding MAP complexes.' 2 Addition of PMe 3 leads to the formation of phosphine
adducts, which serve as models for the initial unobserved ethylene complexes. Chapters 3
and 4 investigate the relative reactivities of the two diastereomers of
Mo(NAr)(CHCMe 2Ph)(Me2pyr)(OBitet) with 2 electron donors, and olefins, respectively.
Interconversion of diastereomers with PMe3 involves formation of weak PMe3 adducts,
which undergo a series of Berry pseudorotations or (equivalent) turnstile
rearrangements.13 Interconversion with ethylene involves formation of the trigonal
bipyramidal metallacyclobutane complex, Mo(NAr)(C 3H6)(OBitet)(2,5-Me2Pyr), in
which the imido and aryloxide ligands occupy axial positions.1 4 It has been shown that
Mo(NAr)(C 3H6)(OBitet)(2,5-Me2Pyr) loses ethylene to generate a ethylene/methylidene
intermediate at a rate that is 4500 times faster that the rate of the tungsten analog.1 5
With Mo(NAr)(CHCMe 2Ph)(Me2pyr)(OBitet) as a catalyst, ethenolysis of methyl
oleate can be achieved with a TON of 4750 and a selectivity of >99% (only terminal
olefins are being formed) (Chapter 5).14 Z-Selective ethenolysis of E- and Z-olefinic
mixtures leads exclusively to formation of the enriched E-olefin along with ethenolysis
byproducts of the Z-olefin.
Z-selective homocoupling of terminal olefins can be achieved in 45-89% yield
with Z-selectivities of >99% using a tungsten catalyst that contains a "small" (3,5-
dimethylphenyl) imido group and a "large" (hexaisopropylterphenyl) aryloxide ligand
(Chapter 6).16 Z-selective homocoupling of terminal olefins can also be achieved with
>99% selectivity in the presence of E olefins elsewhere in the molecule, without
isomerization of the E-olefins.
Chapter 7 illustrates the development of a new method, which allows for the
formation of the desired MAP species that cannot be synthesized by the classical
protonolysis route of bispyrrolides with one equiv of alcohol. The method involves the
salt metathesis of the monotriflate species Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf) with the
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desired X-type ligand. Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf) was obtained by salt
metathesis of bistriflate species and one equivalent of lithium alkoxide. The method
allows triflate to be exchanged for a variety of anionic ligands, such as 2-Mespyrrolide, t-
butoxide, and 2-CNpyrrolide. These MAX species cannot be obtained through the
classical protonolysis route.
Ethylene plays an important role in ethenolysis, homocoupling, or cross
metathesis reactions. Studies of reactions between MAP species and ethylene showed that
when a sterically relatively small set of ligands are present, ethylene complexes
M(NR)(C 2H4)(OR')(Pyr) are formed (Chapter 8).17 Addition of neat olefins leads to the
displacement of ethylene and formation of M(NR)(olefin)(OR')(Pyr) complexes.
Several monothiolate species were synthesized and characterized (Appendix A).
However, ligand scrambling leads to formation of bisalkoxide and bisthiolate species.
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CHAPTER 2
Syntheses and Structures of Molybdenum
Imido Alkylidene Pyrrolide Complexes
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Chapter 2
INTRODUCTION
The pyrrolide (or pyrrolyl) anion is isoelectronic with the cyclopentadienide anion
and therefore has been of interest as a supporting ligand in inorganic and organometallic
chemistry for some time. 1,2,3,4 A pyrrolide binds most often to a single metal center in
either an ri (through N) or q fashion, although several monometallic and bimetallic
variations are known. A variety of group 4 species and group 5 species6 have been
structurally characterized. In contrast, group 6 examples of pyrrolide complexes are
relatively rare.7
We became interested in the possibility of preparing Mo(NR)(CHCMe 2R')X 2 (R'
= Me or Ph) species in which X would be protonated upon addition of monoalcohols or
diols. We viewed this approach as a means of synthesizing Mo(NR)(CHCMe 2R')(OR") 2
species, primarily catalysts that contain enantiomerically pure biphenolate or
binaphtholate ligands.8 This approach would be especially valuable if catalysts could be
prepared in situ, if the reactions were high yielding, and if the product of protonation
(HX) were a poor ligand that would not interfere with subsequent metathesis reactions by
Mo(NR)(CHCMe 2R')(OR") 2 species. Initial studies that involved Mo(NAr)(CH-t-
Bu)(CH 2-t-Bu) 2 (Ar = 2,6-diisopropylphenyl) species revealed that often only one
equivalent of alcohol reacts readily to yield Mo(NAr)(CH-t-Bu)(CH 2-t-Bu)(OR) or
Mo(NAr)(CH 2-t-Bu) 3(OR) species.9 A second approach in which X = NPh2 revealed that
protonation of both X groups was possible, but was often slow and incomplete.' 0 We then
turned to bispyrrolide species. (Pyrrolide complexes of Mo were virtually unknown at the
time.) We found that Mo(NR)(CHCMe 2R')(NC 4H4)2 species could be prepared and
isolated in high yields and moreover that they would react readily with monoalcohols and
diols to give bisalkoxide metathesis catalysts." Bis(2,5-dimethylpyrrolide) complexes,
Mo(NR)(CHCMe 2Ph)(Me2Pyr)2 (R = 2,6-i-Pr 2C6H3, 2,6-Me2C6H3, 1-Admantyl, 2-
CF 3C6H4), also were prepared in >80% isolated yields and shown to be precursors to
biphenolate and binaphtholate complexes upon addition of various biphenols or
binaphthols.12 Monoalcohols were shown to add to bisdimethylpyrrolide species also to
give monoalkoxide monopyrrolide (MAP) species, which were of interest initially
because of their ability to catalyze enyne metathesis.13 More recent work in which the
alkoxide in the MAP species is enantiomerically pure suggests that reactions that involve
diastereomers constitute a potentially powerful new approach to asymmetric metathesis
and perhaps other metathesis-based reactions.14
An X-ray structural study of Mo(NAr)(CHCMe 2Ph)(NC4H4)2 (Ar = 2,6-i-
Pr 2C6H3) showed it to be an unsymmetric dimer, {Mo(NAr)(syn-CHCMe 2Ph)(r 5-
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NC 4H4)( 11-NC4H4)}{Mo(NAr)(syn-CHCMe 2Ph)(rl'-NC4H4)2}, in which the nitrogen in
the q 5-pyrrolide behaves as a donor to the other Mo." The electron count in the
Mo(NAr)(syn-CHCMe 2Ph)(1 5-NC4H4)(r'-NC4H4) half is 18, and in the Mo(NAr)(syn-
CHCMe 2Ph)(11 -NC4H4)2(Ndonor) half is 16. Low temperature NMR spectra are
consistent with the structure in the solid state, although at room temperature it is clear
that the dimeric species is highly fluxional, a process that is believed to include
dissociation of the dimer into its monomeric components in addition to interconversion of
15 and rl pyrrolides. Accessibility to intermediate Mo(NAr)(syn-CHCMe 2Ph)(rj'-
NC4H4)2 as part of the fluxional process is proposed to be the reason why {Mo(NAr)(syn-
CHCMe 2Ph)(i 5-NC4H4)(qi 1-NC 4H4)}{Mo(NAr)(syn-CHCMe 2Ph)(,iY'-NC 4H4)2} reacts
readily with alcohols to give monoalkoxide and bisalkoxide species.
This chapter includes structural studies of several bispyrrolide species in which
the pyrrolide is substituted (2,5-dimethyl, 2,3,4,5-tetramethyl, 2,5-diisopropyl, and 2,5-
diphenyl), monohexafluoro-t-butoxide complexes, and trimethylphosphine adducts.
RESULTS
2.1 Bispyrrolides
Bispyrrolide complexes that contain two 2,3,4,5-tetramethylpyrrolides, two 2,5-
diisopropylpyrrolides, or two 2,5-diphenylpyrrolides can be prepared readily (equation
1). X-ray structural studies of 1 (Figure 1), 2 (Figure 2), and 3 (Figure 3) reveal that one
of the pyrrolide ligands is bound in an 5 fashion and the other in an il fashion. These
structures are analogous to that of Mo(NAd)(CHCMe 2Ph)(2,5-Me2pyr)2. 15 In each case
the q 5-pyrrolide is essentially symmetrically bound to the metal. Selected distances and
angles can be found in the figure captions.
A room temperature 1H NMR spectrum of 1 in C6D6 displays sharp singlets at
2.07 and 1.80 ppm, which correspond to two pyrrolide methyl resonances (12 H each),
consistent with mirror symmetric Mo(NAr)(CHCMe 2Ph)(rl -2,3,4,5-NC4Me4)2 being
formed on the NMR time scale. At -80 'C (in toluene-ds) several unresolved broad
methyl resonances are found between 1 and 3 ppm for the pyrrolide methyl groups, but
only one alkylidene proton resonance is observed, consistent with a molecule that
possesses no symmetry. We propose that the lowest energy species at this temperature is
one in which one of the 2,3,4,5-tetramethylpyrrolide ligands is bound in an 'i fashion
and the other is bound in an T11 fashion.
Li
lr R1  N R
2
NAr
|| OOTf R2 R2
MeO-Mo=CHCMe 2R' 30
TfO4 |E21~ Et2O00Me -35 to 22 *C
1 h
R1 = Me
R1 = i-Pr
R1 = Ph
R1 = Ph
R2 = Me
R2 = H
R2 = H
R2 = H
.CMe 2R' (1)
'R1
R' = Ph (1)
R'= Ph (2)
R'= Me (3)
R'= Ph (4)
Figure 1. Thermal ellipsoid drawing of Mo(NAr)(CHCMe 2Ph)(TI-2,3,4,5-NC 4Me4)( 5-
2,3,4,5-NC 4Me4) (1). Selected distances (A) and angles (deg): Mo(1)-N(1) = 1.7479(13),
Mo(1)-C(1) = 1.9360(15), Mo(1)-N(2) = 2.4188(13), Mo(1)-N(3) = 2.0915(12), Mo(1)-
C(23) = 2.4294(15), Mo(1)-C(24) = 2.4368(15), Mo(1)-C(25) = 2.5113(15), Mo(1)-
C(26)= 2.4591(15), Mo(1)-N(1)-C(l 1) = 172.41(11), Mo(1)-C(1)-C(2) = 140.63(11).
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N(3)
Figure 2. Thermal ellipsoid drawing of Mo(NAr)(CHCMe 2Ph)(i'-2,5-i-Pr 2NC4H2)(15 -
2,5-i-Pr2NC4H2) (2). Selected distances (A) and angles (deg): Mo(1)-N(1) = 1.7351(14),
Mo(1)-C(1) = 1.9342(17), Mo(l)-N(2) = 2.1106(14), Mo(1)-N(3) = 2.4945(14), Mo(1)-
C(33) = 2.5390(16), Mo(l)-C(34) = 2.4761(17), Mo(l)-C(35) = 2.3758(17), Mo(1)-
C(36)= 2.4146(17), Mo(1)-N(l)-C(1 1) = 165.80(12), Mo(1)-C()-C(2) = 141.40(13).
The room temperature proton NMR spectrum of 3 in CD 2Cl2 reveals one
pyrrolide proton resonance at 6.01 ppm and a single broad methine resonance at 3.04
ppm. At -40 'C two methine resonances are found at 3.40 and 2.35 ppm and three
pyrrolide proton resonances at 6.45, 6.06, and 5.31 ppm in a ratio of 1:2:1, characteristic
of a molecule with no symmetry and a diisopropylphenylimido ring that does not rotate
rapidly on the NMR time scale. The spectrum of 3 at -40 'C is characteristic of an fl', r5
species.
.. ............. 
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Figure 3. Thermal ellipsoid drawing of Mo(NAr)(CHCMe 3)(i 1 -2,5-NC4H2Ph 2)(i 5-2,5-
NC4H2Ph2) (3). Selected distances (A) and angles (deg): Mo(l)-N(1) = 1.7369(11),
Mo(1)-C(1) = 1.9286(12), Mo(1)-N(2) = 2.1145(10), Mo(1)-N(3) = 2.5375(10), Mo(1)-
C(31) = 2.4095(12), Mo(1)-C(32) = 2.3957(12), Mo(1)-C(33) = 2.5060(12), Mo(1)-
C(34) = 2.5824(12), Mo(1)-N(1)-C(6) = 177.57(9), Mo(1)-C(1)-C(2) = 137.23(9).
The most interesting case is the proton NMR spectrum of 2 between room
temperature and -70 'C in toluene-d8 (Figure 4). At 20 'C only a single alkylidene
resonance (at 13.53 ppm) with JCH characteristic of a syn species (124 Hz) and a single
pyrrolide proton resonance (at 6.11 ppm) are observed (in a ratio of 1:4). At -70 *C two
alkylidene resonances are observed at 14.05 (JCH = 124 Hz) and 12.94 ppm (15%) along
with four pyrrolide proton resonances for the major species and a single pyrrolide proton
resonance for the minor species. The set of four pyrrolide proton resonances is consistent
with a molecule that possesses no symmetry, namely Mo(NAr)(CHCMe 2Ph)(q'-2,5-i-
Pr 2NC4H2)(, 5 -2,5-i-Pr 2NC4H2), and a q1-2,5-i-Pr2NC4H2 ligand that is rotating slowly
about the Mo-N bond. The other set of pyrrolide resonances (15%) is consistent with a
molecule that possesses a mirror plane, which we propose is Mo(NAr)(CHCMe 2Ph)(i 1 -
2,5-i-Pr2NC4H2)2, and pyrrolides that rotate readily on the NMR time scale about the Mo-
......................... ...... 
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N bond. In short, at low temperature a mixture of the Yl,35 (85%) and r1,1 (15%)
species is observed, while at room temperature the two species interconvert readily on the
NMR time scale and the ratio of the two cannot be determined. Similar behavior is
observed in CD2Cl2; at -70 'C 7% of Mo(NAr)(CHCMe 2Ph)(1-2,5-i-Pr2NC4H2)2 is
present according to integration of the alkylidene protons. Elemental analysis is
consistent with the proposed species and the variable temperature NMR results are the
same from one sample to another, so the presence of two isomers in low temperature
NMR spectra seems to be the only logical conclusion. It should be pointed out that
Mo(NAr)(CHCMe 2Ph)(I'-2,5-i-Pr 2NC4H2)2 is similar to that of a related structurally
characterized pyrrolide complex, Mo(NAr)(CHCMe 2Ph)(ri -2-MesitylNC4H3)2,16 in
which the pyrrolides cannot bind in an q5 manner.
C-70 
-50 OC
-30 *C
20 *C
14.6 14.2 13.8 13.4 13.0 12.6 12.2 ppm 6.6 6.4 6.2 6.0 5.8 5.6 5.4 5.2 ppm
Figure 4. Variable temperature lH NMR spectroscopic studies of
Mo(NAr)(CHCMe 2Ph)(2,5-i-Pr2NC4H2)2 (2) in toluene-d8 .
2.2 Monohexafluoro-t-butoxide Complexes
Addition of 1 equiv of Me(CF 3)2COH to Mo(NAr)(CHCMe 2Ph)(2,3,4,5-
Me4NC4)2 (1) yields Mo(NAr)(CHCMe 2Ph)(2,3,4,5-Me 4NC4)[OC(CF 3)2Me] (5) cleanly
(eq 2). Mo(NAr)(CHCMe 2Ph)[OC(CF 3)2Me]2 was not detected in the crude reaction
mixture by 'H NMR spectroscopy. Compound 5 is the tetramethylpyrrolide analog of
known Mo(NAr)(CHCMe 2Ph)(2,5-Me 2NC4H2)[OC(CF 3)2Me].13 A structural study of
Mo(NAr)(CHCMe 2Ph)(2,5-Me 2NC4H2)(OAr) revealed that an 11 pyrrolide is present,
even though only a 14e count is reached; we presume that an n5 pyrrolide is untenable for
steric reasons. We of course do not know with certainty that an 'q '-pyrrolide ring is
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present in 5, as drawn in equation 2. For the moment we assume that to be the case. An
,15 pyrrolide is likely to be much more feasible in a circumstance where steric interactions
between the four ligands are minimized.
i-Pr i-Pr i-Pr -Pr
N Me(CF 3)2COH F3C N
.--- (1 equiv)
Nil-Mo CMe2Ph Et2  F3C 011 Mo CMe 2Ph (2)
-35 to 22 *C N
30 min
1
5
A similar reaction between 2 and Me(CF 3)2COH produced
Mo(NAr)(CHCMe 2Ph)(2,5-i-Pr2NC4H2)[OC(CF 3)2Me] (6). This reaction produced a
mixture of starting material, monoalkoxide, and bisalkoxide species if 2 was not purified
thoroughly through recrystallization. A possible cause is contamination of 2 with residual
lithium diisopropylpyrrolide. Protonolysis of 3 with 1 equiv of Me(CF 3)2COH also led to
a mixture of starting material, monoalkoxide, and bisalkoxide species, from which no
monoalkoxide species could be isolated.
An alternative strategy that yielded 6 and Mo(NAr)(CHCMe 2Ph)(2,5-
Ph2NC4H2)[OC(CF 3)2Me] (7) consisted of salt metathesis of
Mo(NAr)(CHCMe 2Ph)[OC(CF 3)2Me] 2 with 1 equiv of the lithium pyrrolide (equation 3).
Again we cannot be certain that r pyrrolides are present in the monoalkoxides, as drawn.
Slow protonolysis is likely to be the result of a crowded coordination sphere that limits
the ability of hexafluoro-t-butanol to first bind to the metal through an oxygen lone pair.
i-Pr i-Pr i-P i-Pr
F3C N F3C N
F3C OM,..Mo CMe2Ph -0 F3C 0111" MI CMe 2Ph (3)F 3 C O"~ '~-~2Et 2O
-35 to 220* N
Ol1h R R0 R-__\ / 
F3C CF3 R = i-Pr (6)
R = Ph (7)
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2.3 Trimethylphosphine Adducts
Trimethylphosphine adducts were generated upon addition of PMe3 to the
monoalkoxide monopyrrolide species (eq 4). An X-ray study of 10 showed that PMe3
coordinates trans to the pyrrolide (Figure 5). The coordination environment of 10 can be
viewed as a square pyramid with the alkylidene in the apical position. The PMe3 is
weakly coordinated, judging from the relatively long Mo-P bond (2.5514(5) A). When
10 is dissolved in solution at 22 'C (60 mM) an equilibrium is established immediately
between the four-coordinate species (7) and the PMe3 adduct (10), according to 1H NMR
spectroscopy. A decrease in temperature leads to an increase in the concentration of the
PMe3 adduct (6 14.75 ppm) in solution, relative to four-coordinate 7 (6 12.71 ppm).
Trimethylphosphine coordinates slightly more strongly to Mo(NAr)(CHCMe 2Ph)(i-
Pr 2Pyr)[OC(CF 3)2Me] (6), since only 10% of the four-coordinated species 6 is detected in
solution in an equilibrium with the PMe3 adduct 9 (60 mM). In the case of the tetramethyl
MAP species, PMe3 is bound even more strongly, with only the PMe3 adduct (8) being
observed by 'H NMR spectroscopy in solution at 22 'C (50 mM).
i-Pr i-Pr i-Pr
F3C PMe 3  F30 1 PMe 3
F3C Out"-Mo.CMePh E F30 M (4)
R,=i-Pr R2 H (9)
R1 = Ph R2 = H (10)
Chapter 2
Figure 5. Thermal ellipsoid drawing of Mo(NAr)(CHCMe 2Ph)(2,5-
Ph2NC4H2)[OC(CF 3)2Me](PMe 3) (10). Selected distances (A) and angles (deg): Mo(1)-
N(1) = 1.7464(16), Mo(1)-C(1) = 1.903(2), Mo(1)-N(2) = 2.1779(16), Mo(1)-O(1) =
2.0846(14), Mo(1)-P(1) = 2.5514(5), Mo(1)-N(1)-C(11) = 177.09(14), Mo(1)-C(1)-
C(2) = 145.04(14), P(1)-Mo(1)-N(2) = 160.77(4).
DISCUSSION
The structures of 1 - 3 are all essentially the same, and similar to that of a related
tungsten complex, W(NAr)(CHCMe 3)('i'-2,5-Me2NC4H2)(q5 -2,5-Me2NC4H2).17
Therefore we believe that when sterically possible the lowest energy bispyrrolide species
usually will be an 18e complex of this type. The r1,1 isomer is readily accessible, even
though the total number of electrons is four less than that in the q 1,T5 isomer, and in
some cases could constitute a significant fraction of the mixture at room temperature. We
propose that formation of the q1,q1 isomer is required for an alcohol can attack the metal.
Therefore the amount of qi ,I1 isomer that is present, along with the rate of
interconversion of q and T15 pyrrolides and steric factors overall in both i11,rI and 1,I5
isomers, are important factors that determine the rate of reaction of bispyrrolides with
alcohols. When reactions with alcohols are most likely to yield monoalkoxide pyrrolide
(MAP) species selectively is still not fully known, in part because the precise mechanism
.... ... . .. ..................... ....
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of pyrrolide protonation is not known, but also because of the delicate steric balance
within the intermediate monoalkoxide and the bisalkoxide. Although the electron pair on
the r1 -pyrrolide is susceptible to direct attack by strong acids, we favor addition of
most alcohols to the metal to form an initial adduct followed by proton transfer to C(2) of
an ql-pyrrolide to give an intermediate pyrrolenine complex.
Preliminary results suggest that bispyrrolide complexes are relatively unreactive
toward olefins, especially when the 'rI',r5 isomer is the lowest energy species. Even
ethylene reacts only slowly at 60 'C with W(NAr)(CHCMe 3)( '-2,5-Me 2Pyr)(q 5-2,5-
Me 2Pyr), and when it does it yields isolable and structurally characterized
W(NAr)(CH 2)(ri -2,5-Me 2Pyr)(15-2,5-Me 2Pyr).17 It is believed that W(NAr)(CH2)(rII -
2,5-Me2Pyr)(1 5-2,5-Me2Pyr) is relatively stable toward bimolecular decomposition in
solution at 60 'C in part because of its 18e count and the presence of relatively bulky
ligands. In contrast, MAP species are highly reactive, perhaps in many cases much more
reactive than bisalkoxides. Calculations by Eisenstein on
Mo(NR)(CHR')(pyrrolide)(alkoxide) species suggest that the lowest energy transition
state for metathesis is the result of olefin approach to the metal trans to the pyrrolide
group.' 8 The structure of Mo(NAr)(CHCMe 2Ph)(2,5-Ph 2Pyr)[OC(CF 3)2Me](PMe 3) is
potentially interesting in this light, since where PMe 3 binds in bisalkoxide complexes
correlates with the nature of the initial olefin adduct according to theoretical studies of
bisalkoxide complexes. The recent report of an especially rapid as well as efficient
asymmetric synthesis of a natural product' 4 is evidence that controlling the chirality and
reactivity at the metal in diastereomers in which four different ligands are bound to the
metal center is likely to be a powerful new approach in metathesis chemistry. MAP
species also have been shown to be active for enyne metathesis.13 Although it is not yet
known to what extent the nature of the pyrrolide (or a related ligand) influences the
outcome of each type of reaction, the pyrrolide is likely to be a significant variable, along
with the nature of the imido group, the alkoxide, the metal (Mo or W), and the alkylidene.
Therefore hundreds or even thousands of MAP catalysts can be envisioned, and many of
them may be accessible in situ through addition of an alcohol to a bispyrrolide species.
We expect that the number of possible MAP variations and the flexibility in designing
MAP species will lead to applications outside of asymmetric metathesis, e.g., in ROMP
polymerizations.
EXPERIMENTAL
General. All manipulations of air and moisture sensitive materials were
conducted under a nitrogen atmosphere in a Vacuum Atmospheres drybox or on a dual-
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manifold Schlenk line. The glassware, including NMR tubes were oven-dried prior to
use. Ether, pentane, toluene, dichloromethane, toluene and benzene were degassed with
dinitrogen and passed through activated alumina columns and stored over 4 A Linde-type
molecular sieves. Dimethoxyethane was vacuum distilled from a dark purple solution of
sodium benzophenone ketyl, and degassed three times by freeze-pump-thaw technique.
The deuterated solvents were dried over 4 A Linde-type molecular sieves prior to use. 'H,
13C spectra were acquired at room temperature unless otherwise noted using Varian
spectrometers and referenced to the residual 'H/13C resonances of the deuterated solvent
('H: CDCl3, 6 7.26; C6D6, 6 7.16; CD 2Cl2 , 6 5.32. 13 C: CDCl 3, 6 77.23; C6D6, 6 128.39;
CD 2 Cl2, 6 54.00) and are reported as parts per million relative to tetramethylsilane. 19F
NMR spectra were referenced externally to fluorobenzene (6 -113.15 ppm upfield of
CFCl3). 3 P NMR spectra were referenced externally to phosphoric acid 85% (6 0 ppm).
High resolution mass spectrometry measurements were performed at the MIT
Department of Chemistry Instrument Facility, and elemental analyses were performed by
H. Kolbe Mikroanalytisches Laboratorium, Milheim an der Ruhr, Germany and Midwest
Microlab, Indianapolis, Indiana.
2,5-Ph 2NC4H319 and 2,5-i-Pr 2NC4H3 were prepared as described in the literature.
Mo(NAr)(CHCMe 2Ph)(2,3,4,5-Me 4NC 4)2 (1). A cold solution of 2,3,4,5-
Me4NC4Li (288 mg, 2.23 mmol, 2 equiv) in 5 mL diethylether was added dropwise to a
cold suspension of Mo(NAr)(CHCMe 2Ph)(dme)(OTf) 2 (881 mg, 1.11 mmol, 1 equiv) in
5 mL diethylether. The reaction mixture was stirred at room temperature for 1 h. The
volatile materials were removed under vacuum. The reaction mixture was extracted with
CH 2Cl2 and filtered through Celite. After recrystallization from diethylether 166 mg of
red crystals were obtained (yield = 23%). 'H NMR (500 MHz, C6 D6 ) 6 12.51 (s, 1H, syn
Mo=CH, JCH = 125.1 Hz), 7.35 (d, 2H, Ar, J= 7.5 Hz), 7.13 (t, 2H, Ar, J= 7.5 Hz), 7.06-
6.93 (in, 4H, Ar), 3.62 (sept, 2H, MeCHMe, J= 6.7 Hz), 2.07 (s, 12H, NC4Me2), 1.80 (s,
12H, NC4Me2), 1.70 (s, 6H, CMe2Ph), 1.16 (d, 12H, MeCHMe, J= 6.7 Hz); 13C NMR
(125 MHz, C6D6) 6 305.0, 152.9, 150.5, 147.9, 132.4, 128.9, 127.9, 126.7, 126.5, 124.4,
120.3, 58.0, 32.1, 27.2, 25.3, 16.0, 11.2. Anal. Calcd for C38H53MoN 3: C, 70.46; H, 8.25;
N, 6.49; Found: C, 70.26; H, 8.21; N, 6.37.
X-Ray quality crystals were grown from diethyl ether at -30 'C.
Mo(NAr)(CHCMe 2Ph)(2,5-i-Pr 2NC 4H2)2 (2). A cold solution of 2,5-i-
Pr 2NC4H2Li (307 mg, 1.95 mmol, 2 equiv) in 5 mL diethylether was added dropwise to a
cold suspension of Mo(NAr)(CHCMe 2Ph)(OTf)2(dme) (713 mg, 0.977 mmol, 1 equiv) in
5 mL diethylether. The reaction mixture was stirred at room temperature for 1 h. The
reaction mixture changed from yellow to red. The volatile materials were removed under
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vacuum. The reaction mixture was extracted with CH 2Cl 2 . The crude product was
recrystallized from Et 20/pentane to yield 586 mg of red crystals (yield = 83%): 'H NMR
(500 MHz, C6D6) 8 13.58 (s, 1H, syn Mo=CH, JCH = 124.6 Hz), 7.37 (d, 2H, Ar, J= 7.7
Hz), 7.22-6.91 (m, 6H, Ar), 6.18 (s, 4H, NC4H2), 3.65 (sept, 2H, MeCHMe, J= 6.5 Hz),
2.79 (sept, 4H, MeCHMe, J= 6.5 Hz), 1.78 (s, 6H, CH 3), 1.24 (d, 12H, MeCHMe, J= 6.5
Hz), 1.16 (d, 12H, MeCHMe, J = 6.5 Hz), 1.08 (br, 12H, MeCHMe); 13C NMR (125
MHz, C6D6) 8 305.8, 153.9, 150.0, 149.2 (br), 146.9, 129.0, 128.7, 126.8, 126.6, 124.4,
105.0, 58.1, 31.9, 31.2, 28.8, 25.9, 25.0 (br), 24.8. Anal. Calcd for C4 2H61MoN 3 : C,
71.67; H, 8.73; N, 5.97; Found: 71.87; H, 8.69; N, 6.01.
X-Ray quality crystals were grown from a mixture of diethyl ether and pentane at
-30 0C.
Mo(NAr)(CHCMe 3)(2,5-Ph 2NC 4H2)2 (3). A cold suspension of 2,5-Ph 2NC4H2Li
(309 mg, 1.37 mmol, 2 equiv) in 5 mL diethylether was added dropwise to a cold
suspension of Mo(NAr)(CHCMe 3)(OTf) 2(dme) (500 mg, 0.685 mmol, 1 equiv) in 5 mL
diethylether. The reaction mixture was stirred at room temperature for 1 h. The volatile
materials were removed under vacuum. The compound was extracted with CH 2Cl 2 and
filtered through Celite. After recrystallization from a mixture of CH2Cl 2 and pentane 279
mg of yellow crystals were obtained (yield = 52%): 'H NMR (500 MHz, CD 2Cl 2) 6 13.64
(s, 1H, syn Mo=CH, JCH = 132.0 Hz), 7.59 (br, 8H, Ar), 7.37-7.10 (m, 5H, Ar), 6.04 (br s,
4H, NC4H2), 3.07 (br, 2H, MeCHMe), 1.13 (br, 12H, MeCHMe), 0.22 (s, 9H, CMe3 ); 13C
NMR (125 MHz, CD 2 Cl 2) 6 333.9, 152.2, 129.5, 128.2, 127.8, 124.3, 51.5, 31.5, 27.9,
26.4, 23.2. Anal. Calcd for C49H51MoN 3: C, 75.66; H, 6.61; N, 5.40; Found: C, 75.48; H,
6.54; N, 5.32.
X-Ray quality crystals were grown from a mixture of dichloromethane and
pentane at -30 0C.
Mo(NAr)(CHCMe 2Ph)(2,5-Ph 2NC 4H2)2 (4). A cold solution of 2,5-Ph2NC4H2Li
(227 mg, 1.01 mmol, 2 equiv) in 5 mL diethylether was added dropwise to a cold
suspension of Mo(NAr)(CHCMe 2Ph)(OTf) 2(dme) (399 mg, 0.504 mmol, 1 equiv) in 5
mL diethylether. The reaction mixture was stirred at room temperature for 1 h. The
volatile materials were removed under vacuum. The compound was extracted with
CH 2Cl 2 and filtered through Celite. After recrystallization from a mixture of toluene and
pentane 330 mg of yellow-orange crystals were obtained (yield = 78%). 'H NMR (500
MHz, CD 2Cl 2 ) 6 13.82 (s, 1H, syn Mo=CH, JCH =134.2 Hz), 7.50 (br, 7H, Ar), 7.29-7.06
(m, 12H, Ar), 7.01-6.88 (m, 3H, Ar), 6.20 (d, 2H, Ar, J = 7.1 Hz), 6.05 (br s, 4H,
NC4H2), 3.08 (br, 2H, MeCHMe), 1.16 (br app d, 6H, MeCHMe), 1.10 (br, 6H,
MeCHMe), 0.92 (s, 6H, CMe2Ph); '3C NMR (125 MHz, CD 2Cl 2) 6 329.7, 152.1, 150.6,
Chapter 2
148.6, 136.3, 129.4 (br), 128.7, 128.2, 128.0, 127.6, 126.2 (br), 124.3 (br), 108.0 (br),
57.5, 28.1, 26.7, 26.4. Anal. Calcd for C54H53MoN 3: C, 77.22; H, 6.36; N, 5.00; Found:
C, 76.91; H, 6.38; N, 5.04.
Mo(NAr)(CHCMe 2Ph)(2,3,4,5-Me 4NC 4)[OC(CF 3)2Me] (5). A cold solution of
Me(CF 3)2COH (75 mg, 0.41 mmol, 1 equiv) in 5 mL diethylether was added dropwise to
a cold solution of Mo(NAr)(CHCMe 2Ph)(2,3,4,5-Me 4NC4)2 (265 mg, 0.41 mmol, 1
equiv) in 5 mL diethylether. The reaction mixture was stirred at room temperature for 30
min. The volatile materials were removed under vacuum. Pentane was added and the
reaction mixture was placed at -30 'C overnight. White crystals (2,3,4,5-Me 4NHC4) are
formed and the solution was decanted (3 x). The volatile materials were removed under
vacuum to generate 217 mg of red oil (yield = 75%). 'H NMR (500 MHz, C6 D6 ) 8 12.41
(s, 1H, syn Mo=CH, JCH = 119.2 Hz), 7.31 (d, 2H, Ar, J= 7.7 Hz), 7.13 (t, 2H, Ar, J= 7.7
Hz), 7.03-6.95 (m, 4H, Ar), 3.69 (br, 2H, MeCHMe), 2.18 (br s, 6H, CH 3), 1.89 (s, 6H,
CH 3), 1.71 (s, 3H, CH 3), 1.60 (s, 3H, CH 3), 1.30-1.00 (m, 15H, MeCHMe and CH 3); 13 C
NMR (125 MHz, C6D6 ) 8 289.9, 153.6, 148.3, 148.1 (br), 129.2, 129.0, 128.7, 128.5,
128.3, 127.0, 126.5, 123.8, 81.6 (sept), 55.5, 31.5 (app q), 30.3 (app q), 29.1 (br), 24.1
(br), 19.3, 14.3 (br), 10.5 (br); 19F NMR (282 MHz, C6 D6 ) 8 -78.05 (q, J = 9.3 Hz), -
78.25 (q, J = 9.3 Hz). Anal. Calcd for C34H44F6MoN20: C, 57.79; H, 6.28; N, 3.96;
Found: C, 57.99; H, 6.41; 4.02.
Mo(NAr)(CHCMe 2Ph)(2,5-i-Pr 2NC4H2)[OC(CF 3)2Me] (6). Method 1. A cold
solution of Me(CF 3)2COH (96 mg, 0.53 mmol, 1 equiv) in 5 mL diethylether was added
dropwise to a cold solution of Mo(NAr)(CHCMe 2Ph)(2,5-i-Pr 2NC4H2)2 (372 mg, 0.53
mmol, 1 equiv) in 5 mL diethylether. The reaction mixture was stirred at room
temperature for 1 h. The volatile materials were removed under vacuum. After
recrystallization from pentane 245 mg of red crystals were obtained (yield = 63%).
Method 2. A cold suspension of 2,5-i-Pr 2NC4H2Li (85.4 mg, 0.544 mmol, 1
equiv) in 5 mL diethylether was added dropwise to a cold solution of
Mo(NAr)(CHCMe 2Ph)[OC(CF 3)2Me] 2 (416 mg, 0.544 mmol, 1 equiv) in 5 mL
diethylether. The reaction mixture was stirred at room temperature for 1 h. The reaction
mixture changed from yellow to orange to red. The volatile materials were removed
under vacuum. Toluene was added and the reaction mixture was placed at -35 'C
overnight. White solid is formed and the solution was decanted (3 x). The volatile
materials were removed under vacuum. After recrystallization from pentane 154 mg of
red crystals were obtained (yield = 40%): 1H NMR (500 MHz, C6D6) 6 12.71 (s, 1H, syn
Mo=CH, JCH = 119.3 Hz), 7.29 (d, 2H, Ar, J= 7.7 Hz), 7.11 (t, 2H, Ar, J= 7.7 Hz), 7.02-
6.93 (m, 4H, Ar), 6.07 (s, 2H, NC 4H2), 4.10-3.10 (br, 2H, MeCHMe), 2.88 (br, 2H,
Chapter 2
MeCHMe), 1.67 (s, 3H, CH 3), 1.64 (s, 3H, CH 3), 1.27 (br app d, 6H, MeCHMe, J= 6.5
Hz), 1.23 (br app d, 6H, MeCHMe, J= 6.5 Hz), 1.15 (app d, 6H, MeCHMe, J= 6.5 Hz),
1.11 (s, 3H, CH 3); 13 C NMR (125 MHz, C6D6) 6 292.4, 154.0, 148.3, 148.1, 146.9, 129.7,
129.1, 127.1, 126.4, 106.0, 105.9, 81.9, 56.0, 31.6, 31.5, 31.0, 30.7, 30.2, 30.1, 29.2, 25.7,
25.3-22.8 (br), 19.5, 19.4; '9F NMR (282 MHz, C6D6 ) 8 -77.52 (q, J = 8.9 Hz), -78.00
(q, J= 8.9 Hz). Anal. Calcd for C36H48F6MoN 20: C, 58.85; H, 6.59; N, 3.81; Found: C,
58.53; H, 6.40; N, 3.96.
Mo(NAr)(CHCMe 2Ph)(2,5-Ph 2NC 4H2)[OC(CF 3)2Me] (7). A cold solution of
2,5-Ph2NC4H2Li (192 mg, 0.853 mmol, 1.1 equiv) in 5 mL diethylether was added
dropwise to a cold solution of Mo(NAr)(CHCMe 2Ph)[OC(CF 3)2Me] 2 (594 mg, 0.775
mmol, 1 equiv) in 5 mL diethylether. The reaction mixture was stirred at room
temperature for 1 h. The reaction mixture changed from yellow to orange to red. The
volatile materials were removed under vacuum. Toluene was added and the reaction
mixture was placed at -30 'C overnight. White solid is formed and the solution was
decanted (3 x). The volatile materials were removed under vacuum. After
recrystallization from pentane 405 mg of red crystals were obtained (yield = 65%): 'H
NMR (500 MHz, C6D6) 6 12.71 (s, 1H, syn Mo=CH, JCH 121.6 Hz), 7.69 (d, 4H, Ar, J
= 7.0 Hz), 7.42-6.70 (m, 14H, Ar), 6.52 (br s, 2H, NC4H2), 3.02 (br, 2H, MeCHMe), 1.51
(s, 3H, CH 3), 1.28-1.02 (br, 9H, CH 3), 0.85 (br, 6H, CH 3), 0.69 (s, 3H, CH 3); 13C NMR
(125 MHz, C6D6) 6 296.4, 154.2, 148.5, 148.1, 147.6, 137.5 (br), 129.7 (br), 129.4,
129.3, 128.8, 128.7, 127.5 (br), 126.9, 126.7, 126.2, 124.5, 123.7, 123.0, 112.1 (br),
108.9, 56.1, 29.9, 29.0, 28.4, 25.3, 24.9, 24.1, 23.5, 19.0; '9F NMR (282 MHz, C6D6) 6-
77.28 (q, J = 9.6 Hz), -78.06 (q, J = 9.6 Hz). Anal. Calcd for C42H44F6MoN20: C, 62.84;
H, 5.52; N, 3.49; Found: C, 62.92; H, 5.58; N, 3.56.
Mo(NAr)(CHCMe 2Ph)(2,3,4,5-Me 4NC 4)[OC(CF 3)2Me](PMe 3) (8). PMe3 (10.7
pL, 0.104 mmol, 1.1 equiv) was syringed into a solution of
Mo(NAr)(CHCMe 2Ph)(2,3,4,5-Me 4NC4)[OCMe(CF 3)2] (66.5 mg, 0.0941 mmol, 1 equiv)
in 5 mL of pentane. The reaction mixture was stirred at room temperature for 30 min
during which time a red precipitation was observed. The product was isolated by
filtration (58 mg, yield = 78%): 'H NMR (300 MHz, C6D6) 6 14.02 (d, 1H, syn Mo=CH,
JCH = 124.8 Hz, JPH 4.8 Hz), 7.29 (d, 2H, Ar, J= 7.5 Hz), 7.10 (t, 2H, Ar, J= 7.5 Hz),
7.05-6.85 (m, 4H, Ar), 4.17 (br, 1H, MeCHMe), 3.58 (br, 1H, MeCHMe), 2.33 (s, 3H,
CH 3), 2.24 (s, 3H, CH 3), 2.22 (s, 3H, CH 3), 2.02 (s, 3H, CH 3), 1.80 (s, 3H, CH 3), 1.56 (s,
3H, CH 3), 1.48-0.60 (br m, 12H, MeCHMe), 1.01 (s, 3H, CH 3), 0.86 (d, 9H, PMe3, J =
8.7 Hz); 13C NMR (125 MHz, C6D6 ) 6 308.5 (d, Jpc = 17.8 Hz), 150.5, 148.2, 129.2,
128.7, 128.5, 128.3, 127.9, 127.7 (br), 127.3, 127.2, 127.0, 126.3 (br), 125.0, 114.1,
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114.0, 55.8, 28.4, 25.0 (br), 14.5 (br); 9F NMR (282 MHz, C6D6 ) 8 -75.61 (q, J= 8.9
Hz), -77.20 (q, J = 8.9 Hz); 31P NMR (121 MHz, C6D6) 8 -6.15. Anal. Calcd for
C37 H53F6MoN 2 OP: C, 56.77; H, 6.82; N, 3.58; Found: C, 56.77; H, 6.75; N, 3.52.
Mo(NAr)(CHCMe 2Ph)(2,5-i-Pr 2NC 4H2)[OC(CF 3)2Me](PMe 3) (9). PMe 3 (46
1tL, 0.443 mmol, 1 equiv) was syringed into a solution of Mo(NAr)(CHCMe 2Ph)(2,5-
iPr2NC 4H2)[OCMe(CF 3)2] (325.3 mg, 0.443 mmol, 1 equiv) in 5 mL of pentane. The
reaction mixture was stirred at room temperature for 30 min during which time a yellow
precipitation was observed. The product was isolated by filtration (269 mg, yield = 75%):
'H NMR (500 MHz, C6D6) 8 14.27 (d, 1H, syn Mo=CH, JCH = 124.1 Hz, JPH= 4.5 Hz),
7.31 (d, 2H, Ar, J= 7.8 Hz), 7.10 (t, 2H, Ar, J= 7.8 Hz), 7.05-6.85 (m, 4H, Ar), 6.33 (d,
1H, NC4H, J= 2.9 Hz), 6.20 (d, 1H, NC4H, J 2.9 Hz), 4.22 (sept, 1H, MeCHMe, J=
6.7 Hz), 3.50 (sept, 1H, MeCHMe, J= 6.7 Hz), 3.03 (sept, 1H, MeCHMe, J= 6.7 Hz),
2.98 (sept, 1H, MeCIJMe, J= 6.7 Hz), 1.78 (s, 3H, CH 3), 1.66 (d, 3H, CH 3, J= 6.7 Hz),
1.59 (s, 3H, CH 3), 1.42 (d, 3H, CH 3, J= 6.7 Hz), 1.33 (t, 6H, CH 3, J= 6.7 Hz), 1.22 (s,
3H, CH 3), 1.17 (d, 3H, CH 3, J= 6.7 Hz), 1.08 (d, 3H, CH 3, J= 6.7 Hz), 0.97 (d, 3H, CH 3,
J = 6.7 Hz), 1.04-0.70 (br, 9H), 0.76 (d, 3H, CH 3, J= 6.7 Hz); 13 C NMR (125 MHz,
C6D6) 8 310.1 (d, Jpc= 18.3 Hz), 150.7, 150.0, 148.0, 146.9, 144.4, 143.9, 143.5, 129.3,
127.4, 126.4, 126.3, 125.6, 125.1, 123.7, 104.9, 104.8, 128.5 (overlap with C6D6), 128.3
(overlap with C6D6), 103.8, 103.6, 56.3, 32.5 (br), 31.3 (br), 31.1 (br), 28.8, 28.6, 28.4,
25.5; 19F NMR (282 MHz, C6D6) 8 -74.39 (q, J= 9.1 Hz), -76.48 (q, J= 9.1 Hz); 31P
NMR (121 MHz, C6D6 ) 8 -4.76. Anal. Calcd for C39H57F6MoN 2OP: C, 57.77; H, 7.09;
N, 3.46; Found: C, 57.50; H, 6.91; N, 3.43.
Mo(NAr)(CHCMe 2Ph)(2,5-Ph 2NC 4H2)[OC(CF 3)2Me](PMe 3) (10). PMe 3 (26
[tL, 0.249 mmol, 1.1 equiv) was added dropwise to a cold solution of
Mo(NAr)(CHCMe 2Ph)(2,5-Ph 2NC 4H2)[OC(CF 3)2Me] (182 mg, 0.227 mmol, 1 equiv) in
5 mL pentane. The reaction mixture was stirred at room temperature for 30 min. The
reaction mixture changed from red to orange. After recrystallization from pentane 159
mg of orange crystals were obtained (yield = 80%): 'H NMR (500 MHz, C6D6 ) 6 14.75
(d, 1H, syn Mo=CH, JH = 125.7 Hz, JPH = 5.5 Hz), 8.12 (d, 2H, Ar, J= 7.0 Hz), 7.63 (d,
2H, Ar, J= 7.0 Hz), 7.43 (t, 2H, Ar, J= 7.5 Hz), 7.27 (d, 2H, Ar, J= 8.0 Hz), 7.12 (t, 2H,
Ar, J = 8.0 Hz), 7.03 (t, 2H, Ar, J = 7.5 Hz), 7.01-6.85 (m, 2H, Ar), 6.79 (t, 1H, Ar, J =
7.5 Hz), 6.72-6.60 (m, 3H, Ar), 3.72 (br, 1H, MeCHMe), 3.03 (br, 1H, MeCHMe), 1.53
(s, 3H, CH 3), 1.40 (s, 3H, CH 3), 1.23 (br, 3H, CH 3), 0.96 (d, 9H, PMe3, J= 9.0 Hz), 0.95
(overlap br, 6H, CH 3), 0.58 (s, 3H, CH 3), 0.56 (br, 3H, CH 3); 13C NMR (125 MHz, C6D6)
6 316.0 (d, Jpc = 18.1 Hz), 151.6 (br), 150.25, 148.7, 145.5, 144.1, 143.0 (d, J= 3.1 Hz),
141.5, 140.4, 131.0 (d, J= 7.1 Hz), 129.8, 129.2, 128.0, 127.3, 126.5, 126.3, 125.8,
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125.7, 125.5, 124.6 (br), 122.7 (br), 115.0 (d, J= 10.6 Hz), 113.1 (d, J= 4.7 Hz), 83.6
(sept, OC(CF 3 )2, JCF= 27.5 Hz), 58.0, 56.1, 31.0-14.0 (br); 19F NMR (282 MHz, C6D6) 5
-70.82 (q, J = 10.3 Hz), -72.68 (q, J = 10.3 Hz); 31P NMR (121 MHz, C6D6) 8 -3.09.
Anal. Caled for C45H53F6MoN 2OP: C, 61.50; H, 6.08; N, 3.19; Found: C, 61.22; H, 5.95;
N, 3.33.
X-Ray quality crystals were grown from pentane at -30 'C.
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Table 1. Crystal data and structure refinement for syn-Mo(NAr)(CHCMe 2Ph)( -
2,3,4,5-NC 4 Me4)(15 -2,3,4,5-NC 4Me4) (1).
Identification code 08053
Empirical formula C38H53MoN 3
Formula weight 647.77
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2 1/n
Unit cell dimensions a = 14.0969(7) A 900
Volume
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 0 max
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(1)]
R indices (all data)
Largest diff. peak and hole
b = 17.7008(9)
c = 14.2302(7)
3402.2(3) A3
p = 106.6340(10)0
y = 900
1.265 g/cm 3
0.415 mm-1
1376
0.35 x 0.35 x 0.35 mm3
1.79 to 29.570
-19 < h < 19, -24 < k < 24, -19 < l 19
75601
9558 [R(int) = 0.0402]
100.0 %
Semi-empirical from equivalents
0.8684 and 0.8684
Full-matrix least-squares on F2
9558/ 1/390
1.048
R1 = 0.0294, wR2 = 0.0710
R1 = 0.0345, wR2= 0.0747
1.509 and -0.881 eA -3
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Table 2. Crystal data and structure refinement for syn-Mo(NAr)(CHCMe 2Ph)(ri1 -2,5-i-
Pr 2NC4 H2 )(rI5-2,5-i-Pr 2NC4H2) (2).
Identification code 08216
Empirical formula C42H6jMoN 3
Formula weight 703.88
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P1
Unit cell dimensions a =9.8591(11I) A 90.304(2)'
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 0 max
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(1)]
R indices (all data)
Largest diff. peak and hole
b = 12.2228(14) A
c = 17.486(2) A
1912.8(4) A3
102.933(2)0
y = 110.709(2)0
2
1.222 g/cm 3
0.374 mm-1
752
0.30 x 0.30 x 0.20 mm3
1.20 to 26.73'
-12<h<12, -15<k<15 -22<1<22
35857
8122 [R(int) = 0.0453]
100.0 %
Semi-empirical from equivalents
0.9289 and 0.8960
Full-matrix least-squares on F2
8122/1/418
1.034
R, = 0.0282, wR2= 0.0691
R1 = 0.0321, wR2 = 0.0718
0.892 and -0.372 e A -
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Table 3. Crystal data and structure
Ph2NC4 H2 )(q5 -2,5-Ph 2NC4H2) (3).
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
refinement for Mo(NAr)(CHCMe 3)(i' -2,5-
07184
C49H15 MoN3
777.87
100(2) K
0.71073 A
Monoclinic
P21/n
a = 10.4441(7) A
b = 21.2061(14) A
c = 18.0345(12) A
3917.2(5) A3
a = 90'
= 101.2690(10)0
= 900
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 0 max
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 20 (])]
R indices (all data)
Largest diff. peak and hole
1.319 g/cm 3
0.373 mm-1
1632
1.20 x 0.70 x 0.50 mm 3
1.50 to 29.58'
-14 < h < 14, -29 < k < 29, -25 < l < 25
86767
11006 [R(int) = 0.0297]
100.0 %
None
0.8354 and 0.6630
Full-matrix least-squares on F2
11006 / 1 / 482
1.028
R1 = 0.0282, wR2 = 0.1101
R1 = 0.0317, wR2 = 0.1174
1.367 and -0.521 eA -3
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Table 4. Crystal data and structure refinement for adduct of Mo(NAr)(CHCMe 2Ph)(2,5-
Ph2NC4H2)[OC(CF 3)2Me](PMe 3) (10).
Identification code 08074
Empirical formula C4 5H53F6MoN 2OP
Formula weight 878.80
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group P212121
Unit cell dimensions a = 13.7643(11) A c = 900
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 0 max
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(1)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole
b = 16.5149(13) A
c = 18.7349(15) A
4258.7(6) A3
p = 900
Y = 900
4
1.371 g/cm 3
0.408 mm-1
1824
0.30 x 0.20 x 0.05 mm3
1.64 to 30.030
-19 < h < 19, -23 < k < 23, -26 < l 26
98808
12456 [R(int) = 0.0672]
100.0%
Semi-empirical from equivalents
0.9799 and 0.8874
Full-matrix least-squares on F2
12456 / 1 / 518
1.028
R1 = 0.03 10, wR 2 = 0.0649
R1 = 0.0373, wR 2 = 0.0683
-0.019(16)
0.661 and -0.351 eA -3
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CHAPTER 3
Inversion of Configuration at the Metal in
Diastereomeric Imido MAP Species using L Donors
A portion of this chapter has appeared in print:
Marinescu, S. C.; Schrock, R. R.; Li, B.; Hoveyda, A. H. "Inversion of Configuration at
the Metal in Diastereomeric Imido Alkylidene Monoaryloxide Monopyrrolide Complexes
of Molybdenum" J. Am. Chem. Soc. 2009, 131, 5 8-59.
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INTRODUCTION
The possibility of using enantiomerically pure metal complexes for asymmetric
catalytic reactions that are stereogenic at the metal by virtue only of the arrangement of
achiral ligands has been a topic of interest for decades.' A subset of species of this type
are enantiomerically pure pseudotetrahedral complexes that contain four different achiral
ligands ("ML1L 2 L3L4 " complexes). 2 For a metal-based asymmetric reaction in which a
substrate must bind to the metal, some form of the MLL 2L3L4 species would have to
contain less than 18 electrons in order for the reaction to proceed readily. It also may be
desirable that the four ligands not be connected in any way, since no structures would
then be restricted as a consequence of this connectivity. In such a circumstance there
could be a strong electronic preference for a substrate to approach the metal trans to one
of the four ligands, especially if L1, L2, L3, and L4 are significantly different from one
another in how they are bonded to the metal. The hope has been that a combination of
this electronic preference along with steric interactions within an enantiomerically pure
species could then regulate the enantioselectivity of the catalytic reaction to a degree that
ultimately is superior in either speed or enantioselectivity, or both, to catalysts that
contain enantiomerically pure ligands, which are the type employed in the vast majority
of asymmetric transition metal-catalyzed reactions. In the latter, the approach of a
substrate to the metal center is controlled largely through steric interactions between the
substrate and the chiral ligand, since at least two of the atoms in the primary coordination
sphere are electronically similar.
Synthesis of enantiomerically pure 18e pseudotetrahedral species was a challenge
met by Brunner. 2 However, Brunner realized that it could be difficult to prevent the
configuration at the metal from racemizing during a catalytic reaction, especially a
reaction in which potentially fluxional five-coordinate intermediates were involved. Any
advantage gained through use of a species in which the only stereogenic center is the
metal itself therefore would be lost. Therefore he employed one enantiomerically pure
ligand in order to create two diastereomers, which being physically different could have
dramatically different reactivities toward an achiral substrate. These diastereomers could
be isolated in several instances and were shown to be configurationally stable. However,
no asymmetric catalytic reactions that took place at the metal center were successful
since issues concerning the synthesis of <18e species, the nature of the catalytic reaction
in question, the rate of interconversion of diastereomers, and how to control the relative
reactivity of diastereomers all remained unsolved. Brunner concluded that "use of
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chirality at the metal atom in enantioselective catalysts remains a challenge for the
future."
We have been exploring high oxidation state olefin metathesis catalysts that contain
the required alkylidene ligand (CHR'), an imido ligand (NR), a pyrrolide ligand (Pyr),
and an alkoxide ligand (OR"), which are members of the class of ML1L2L3L4 species
noted above, and which are all significantly different in the manner in which they bond to
the metal. These 14e species (when the pyrrolide is bound in an rj1 fashion) are
monoalkoxide monopyrrolide or MAP catalysts. 3 They often can be synthesized through
addition of one equivalent of an alcohol to a bispyrrolide species4 and have been shown
to be highly active for olefin metathesis. A theory has been formulated by Eisenstein that
may help explain why this may be the case.5 We have been attracted to MAP species in
which the alkoxide is enantiomerically pure, since they then become interesting in terms
of asymmetric metathesis catalysis. We have discovered that certain of these
Mo(NR)(CHR')(pyrrolide)(OR*) catalysts are at least two orders of magnitude more
active than already highly successful asymmetric metathesis catalysts that contain
enantiomerically pure biphenolate, binaphtholate, or hydrogenated binaphtholate (bitet)
ligands.6 Perhaps the most dramatic example is the use of a Mo(NR)(CHCMe 2Ph)(2,5-
Me2pyr)(OBitet) (1) (Bitet is the monophenoxide derived from (R)-3,3'-dibromo-
5,5',6,6',7,7',8,8'-octahydro-1,1'-bi-2-naphthol that is monoprotected with Si(t-Bu)Me 2))
catalyst for the asymmetric ring-closing reaction of an intermediate in the
enantioselective synthesis of the Aspidosperma alkaloid, quebrachamine.7 The catalyst
can be employed at relatively low loadings (1% or less), can be prepared in situ, can be
employed as a mixture of diastereomers, and can give rise to product in >95% ee.'
Mo(NR)(CHR')(pyrrolide)(OBitet) catalysts are especially interesting also since all other
biphenolate and related catalysts that were examined failed to yield any significant
product. Two issues that arise concern the relative reactivity of diastereomers and their
interconversion through inversion of configuration at the metal. Therefore we turned to
an exploration of reactions between the diastereomers and 2e donors such as PMe3, which
are models8 for the initial unobserved olefin adduct,5 and the conditions under which
inversion of configuration at Mo might take place.
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RESULTS
3.1 Syntheses of two Diastereomers of Mo(NAr)(CHCMe 2Ph)(Me 2Pyr)(OBitet)
Addition of BitetOH to Mo(NAr)(CHCMe 2Ph)(Me2Pyr)2 in diethylether resulted
in formation of two diastereomers of Mo(NAr)(CHCMe 2Ph)(Me2Pyr)(OBitet) (1) (eq. 1)
in a ratio of 7:1 which exhibited alkylidene proton resonances at 12.42 and 12.90 ppm (in
C6D6).7 The 7:1 ratio changed little with the mode of addition of the two reagents. Both
alkylidenes are syn according to the JCH value for each (118 and 122 Hz).
i-Pr i-Pr Br i-Pr i-Pr
N N t-Bu
11 0O Et20 1
No-Mo CMe2Ph + O O -Mo Me2Ph (1)4~e2 OH 22 C
\ N30 min O
Br Br"'BrBrim
TBSO
BitetOH
1d.r. = 7:1
The major diastereomer of 1 could be isolated by selective crystallization from a
concentrated pentane solution and was shown in an X-ray study to have the S
configuration at the metal center and to contain a syn alkylidene and an ql pyrrolide.7a
The minor diastereomer can also be isolated through careful and slow recrystallization of
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mixtures of the two diastereomers from dilute pentane solution.7 " The major (S)-1 9 and
minor (R)-1 diastereomers in pure form, or mixed in any ratio, are configurationally
stable in C6D6 or THF-d after a week at 22 'C or 40 'C.
3.2 Synthesis and Structure of a Phosphine Adduct
Trimethylphosphine (15 equiv) was added to pure (S)-1 ([Mo] = 0.1 M, pentane).
The solution was stored for several hours at 22 'C and crystals of a phosphine adduct
were isolated in good yield (75%). An X-ray structural study revealed that the product is
(R)-1(PMe3), not (S)-1(PMe 3). The overall structure is closest to a square pyramid with
the syn-alkylidene in the apical position (Figure 1) and PMe3 trans to the pyrrolide. The
N(2)-Mo(l)-P(1) angle is 165.00(10)0 and the N(1)-Mo(1)-O(l) angle is 158.12(14)0,
while the angles between C45 and the four other atoms bound to Mo are 100.31(17)0 (to
NI), 106.29(15)0 (to N2), 100.75(15)0 (to 01), and 85.61(12)0 (to P1). The Mo(1)-P(1)
distance (2.5703(11) A) is relatively long and the Mo-P bond likely to be relatively
weak.
C(27)
C(46) N(1)
C(45) MO N(2)
P(1)
0(1)
Figure 1. Thermal ellipsoid drawing of (R)-1(PMe3). Thermal ellipsoids are displayed at
50% probability level. Hydrogen atoms are omitted. Selected distances (A) and angles
(deg): Mo(1)-N(1) = 1.751(3) A, Mo(1)-C(45) = 1.907(4) A, Mo(1)-O(1) 2.026(3) A,
Mo(l)-N(2) 2.151(3) A, Mo(1)-P(1) = 2.5703(11) A, Mo(1)-N(1)-C(27) = 167.7(3)0,
N(l)-Mo(1)-O(l) = 158.12(14) , P(1)-Mo(1)-N(2) = 165.00(10) .
11  "1 11  " I'll", .. .......... . .
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3.3 Kinetic Studies
When crystalline solid (R)-1(PMe 3) is dissolved in C6D6 or toluene-d, largely
(R)-1 and free PMe3 are observed at room temperature. At a concentration of initial (R)-
1(PMe3) equal to 10 mM at -30 'C largely (R)-1(PMe3) is observed, while at 40 'C only
free PMe 3 and (R)-1 are observed. Over a period of 8 h at 40 'C (R)-1 is converted into an
equilibrium mixture of (R)-1 and (S)-1 (Keq= [(S)-1]/[(R)-1] = 2.0 at 40 'C) (Figure 2).
(S)-1
(R)-1
IN ILt=8h
t = 4 h
-- - --- -- -- - - t = 0 h
14.5 14.0 13.5 13.0 12.5 12.0 11.5 11.0 pe
Figure 2. Expansion of the 1H NMR spectrum in the alkylidene region to follow the
conversion of (R)-1 to (S)-1 in the presence of PMe3 in C6D6 at 40 'C.
The approach to equilibrium at 40 *C depends on PMe3 concentration to the first
order (as shown in runs between 10 and 50 mM total PMe3 concentration - Figure 3) and
follows classic behavior10 with kRs + ksR= 9.0 x 10- 3 M-ls-1 (Scheme 1). KRS, which is
the rate at which (R)-1 is converted into (S)-1 in the presence of PMe3 (1 equiv) at 40 *C
and 10 mM concentration, is 6.0 x 10-3 is -1. KSR is 3.0 x 10-3 -1 .
The rate constants for the interconversion of (R)-1 into (S)-1 in different solvents
have been determined (Table 1). In THF-d at 40 'C kRs ± ksR = 14 x 10-3 M- 1s-1 (Keq =
2.0) (entry 2) and in 1:1 acetonitrile-d 3/CD 6 at 40 'C kRS + ksR = 24 x 10-3 M-Is-1 (Keq =
0.8) (entry 3). (In the absence of PMe 3 in the last experiment ~5% inversion can be
observed after several days at 60'C; therefore, inversion by acetonitrile is extremely slow
compared to inversion by PMe 3.). The lack of any dramatic solvent effect argues against
ionization to yield a four-coordinate cation with pyrrolide or aryloxide as the anion.
I'll ................... ...... . .
PMe 3
40 *C kRS
(R)-1(PMe3) R-1 'Mor
- PMe 3
(S)-1
kSR
Rate = {kRs*[RMo] - ksR*[SMo]J}PMel
Ln(X,,-X) = -(kRs + ksR)*[PMe3 *t
Xeq = concentration at equilibrium
X = concentration at time t
[Mo] = 10 mM; [PMea] = 10 mM
K = kRsI ksR M[So / Mjeq = 2
kRs + ksR = 9* 10-3 M-1s-1
kRs = 6*10- M-'s-1 ; ksR = 3*10-3 Ms*
Scheme 1. Kinetic studies for the conversion of (R)-1 to (S)-1 in the presence of PMe3 in
C6D6 at 40 0C.
order in PMe3
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Figure 3. The first-order dependence of the reaction rate on the concentration of PMe3.
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PMe 3
40 0C kRS
(R)-1(PMe3) (R)-1 , (S)-1
- PMe3 kSR
Entry Solvent kRs [M-'S-1] ksR [M-s-1] kRs + kSR [M- 1s- 1] [(S)-1/ (R)-1]eq
1 C6D6  6*10~3 3*10-3 9*10-3 2
2 THF-d8  9*10-3 5*10-3 14*10-3 2
3 C6 D6 : CD3CN 11*10-3 13*10-3 24*10-3 0.81 :1
Table 1. Comparison of rate constants for the conversion of (R)-1 to (S)-1 in the presence
of PMe3 (1 equiv) in different solvents at 40 0C.
Inversion at Mo is also catalyzed by PPhMe2 and (neat) pyridine-d. For 1 M
PPhMe2 in C6D6 at 40 0C kRs ± ksR = 1.5 x 10-5 M-1s-1, 600 times slower than the PMe3-
catalyzed reaction. Inversion by pyridine-d and (very slowly) acetonitrile (see above),
rule out any required reaction between the 2e donor ligand and some ligand bound to the
metal (e.g., between the phosphine and the alkylidene to yield an intermediate and
unobservable ylide complex). All results are consistent with PMe 3-catalyzed
interconversion of (R)-1 and (S)-1.
3.4 Variable temperature NMR Studies
Mixtures of largely (S)-1, (S)-1(PMe3), and PMe 3 (2 equiv) in toluene-d between
-30 'C and 22 "C were examined by 'H NMR and formation of (R)-1 and (R)-1(PMe 3)
was monitored. After -6 h at 22 *Cfour phosphine adducts were observed (Figures 4 and
5), (S)-1(PMe 3) (8H, = 15.51 ppm at -30 'C, JCH = 121 Hz, JHP= 5 Hz), (S)-1'(PMe 3)
(-20% of total (S) adduct; 6H. = 13.94 ppm, JHP = 6 Hz), (R)-1'(PMe3) (~5% of total (R)
adduct; 5H0 = 14.86 ppm, JHP = 8 Hz), and (R)-1(PMe 3) (8H, = 13.83 ppm, JCH = 122
Hz, JHP = 7 Hz), along with (S)-i and (R)-1 (for labeling see NOESY studies below); the
amount of each depends upon time, temperature, concentration, and the amount of PMe3
present. In all four adducts coupling of the alkylidene H, proton to 31P is lost as the
temperature is raised, equilibria shift toward phosphine free species, and (S)-i and (R)-1
interconvert.
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(S)-1
(S)-1 (PMea) ()e3
(R)-1'(PMe3) 20 *C
10 *C
0 *c
--10 *C
(S)-1'(PMea) (R)-1 (PMe3)
-30 *C
16.5 16.0 15.5 15.0 14.5 14.0 13.5 13.0 12.5 12.0 11.5 ppm
Figure 4. Variable temperature 1H NMR spectroscopic studies of the reaction mixture.
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(S)-1 (PMe 3) (R)-1 (PMe 3)
(R)-1 '(PMe 3 )
10 *C
(S)-1'(PMe 3)
0*OC
-10 *C
A -20 *C
-30 OC
-5 -6 -7 -8 -9 -10 -11 -12 -13 -14 -15 -16 -17 -18 -19 ppm
Figure 5. Variable temperature 31P NMR spectroscopic studies of the reaction mixture.
NOESY studies were performed to assign the (R) and (S) configuration. At -10
'C and 0.2 s mixing time, NOESY cross peaks are observed between (S)-1, (S)-1(PMe 3),
and (S)-1'(PMe3), but not any of the (R)- species, confirming the assignment (Figure 6).
Also, (R)-1 and (R)-1(PMe 3) exchange under these conditions. The phosphine adduct that
displays an alkylidene proton resonance at 6 14.86 ppm does not show under these
conditions any cross peaks with any (R) or (S) species. Therefore, NOESY studies have
been performed at more elevated temperatures. At 40 'C and 0.5 s mixing time, the
phosphine adduct (8 14.86 ppm) displays NOESY cross peaks with (R)-1 and (R)-
1(PMe3), confirming the (R) configuration assignment (Figure 7).
...............................
(R)-1 (PMea)
(S)-1'(PMe 3)(R)-1 '(PMe3) (R)-1
F2 -
(PPm)
12.5
13.0
13.5
14.0
14.5
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15.5-
16.0
16.0
Figure 6. NOESY studies performed at -10 'C and 0.2 s mixing time.
(R)-1 (PMe 3)
(S)-1
(R)-1
15.5 15.0 14.5 14.0 13.5 13.0 12.5 12.0
Fl (ppm)
Figure 7. NOESY studies performed at 40 'C and 0.5 s mixing time.
(S)-1 (PMea)
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3.5 13C- and 15N-Labeling Studies
In order to further identify the adducts, "C- and "N-labeled analogs were
prepared. 13C-labeled neopentylidene analogues, Mo(NAr)( 3CHCMe3)(2,5-
Me2NC4H2)(OBitet), were synthesized, and the coupling constants between 13C and the
alkylidene proton were determined from the 'H NMR spectrum of the reaction mixture at
-30 'C (Figure 8). (R)-1'(PMe3) (<5% of total adducts) was identified as an anti species
(JCH = 143 Hz) while (S)-1'(PMe 3) is syn (JCH = 120 Hz); the difference between (S)-
1'(PMe 3) and (S)-1(PMe 3) is ascribed to different conformations of the aryloxide in the
crowded environment.
)-1(PMe3)
JH =121 Hz
(R)-1(PMe3)
JCH = 122 Hz
16.5 16.0 15.5
(S)-1'(PMea3)
CH =120 Hz
15.0 14.5 14.0 13.5 13.0 12.5 12.0 11.5 ppm
Figure 8. Expansion of the 'H NMR spectrum in the alkylidene region for the 13C labeled
analogues at -30 'C.
If the phosphine is trans to the pyrrolide,
expected than in the case when the phosphine is
analogues, Mo(NAr)(CHCMe 2Ph)(2,5-Me215 NC4H2)(
synthesized, and the coupling constants between 1N
31P NMR spectrum of the reaction mixture at -30 0C
are 24 Hz in (S)-1(PMe3 ), 27 Hz in (S)-1'(PMe3), 32
a larger JPN coupling constant is
cis to the pyrrolide. "N-labeled
OBitet) (40% "N label), were
and 31P were determined from the
(Figure 9). Couplings of "N to 31p
Hz in (R)-1'(PMe 3), and 27 Hz in
....... .......................... .. . . . ........... .  
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(R)-1(PMe3). Since the JPN coupling constants are very similar for all the syn species ((S)-
1(PMe3), (R)-1(PMe3), and (S)-1'(PMe3)), and since pyrrolide is trans to PMe3 in (R)-
1(PMe3) (Figure 1), we propose that phosphine is trans to the pyrrolide in all four
adducts.
(S)-(PM3)
N=24 Hz
(R)-1 (PMea)
N= 27Hz
(S)-1'(PMe)
JPN=27Hz
(R)-1'(PMe3)
JPN =32 Hz
-6 -8 -10 -12 -14 -16 -18 ppm
Figure 9. 31P NMR spectrum for the 15 N labeled analogues at -30 0C (40% 15 N label).
3.6 Proposed mechanism
All data are consistent with inversion at Mo in fluxional five-coordinate adducts.
In terms of TBP intermediates (as shown in equation 2; SP species analogous to the
observed structure of (R)-1(PMe 3) in the solid state are alternatives) L enters trans to the
pyrrolide (Pyr) to give (R)(Lpyr). A series of Berry pseudorotations or (equivalent)
turnstile rearrangements" permutes the alkylidene and imido positions to give (S)(LPyr),
from which L leaves trans to Pyr to give (S)-1. Entry and exit of L only trans to Pyr in
the two diastereomers is consistent with the structure of (R)-1(PMe 3) and is the most
unifying proposal in our opinion. Catalyzed inversion at M by PMe3 is the most efficient,
and a PMe3 adduct is the only one that can be isolated. This proposal is consistent with
recent calculations performed by Eisenstein on Mo(NR)(CHR')(pyrrolide)(alkoxide)
I ' ll, ..........
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species, which suggest that the lowest energy transition state for metathesis is the result
of olefin approach to the metal trans to the pyrrolide group. 5c
L L
S+ L -L O N
M , 0 -M' , 0 -M' - M (2)
- L N C + L |
Pyr Pyr Pyr Pyr
(R) (R)(LPyr) (S)(Lpyr) (S)
DISCUSSION
If the two diastereomers have similar reactivities, then it is likely that a high ee
will not result. (It could, but that would be an unlikely coincidence.) If a high ee is
observed, it is more likely that one diastereomer is much more reactive than the other, in
addition to that diastereomer being relatively enantioselective. If only two pathways are
available (one in each diastereomer for a given syn or anti species), and one of those is
shut down, then it is important to realize that if diastereomers interconvert readily on the
time scale of the metathesis reaction then both can be present in widely varying ratios.
Only one reacts readily and continues to do so until the reaction is complete. Therefore,
interconversion of diastereomers during metathesis is not detrimental, and in fact could
be beneficial to the overall success of the asymmetric reaction by establishing some
concentration of reactive diastereomer regardless of which is present. The achievement is
to create active species and limit olefin approach to one pathway.
To our knowledge, no diastereomeric ML1L 2L3 L4* catalysts (in which the ligands
are not connected) have been explored in an asymmetric catalytic reaction. Flexibility,
tunability, number of variations, only syn, etc. make it all a very exciting new way to
carry out asymmetric metathesis. These principles should extend to other types of
transition metal-catalyzed reactions.
CONCLUSIONS
To the best of our knowledge it has not been possible to probe "inversion" at a
catalytically competent tetrahedral transition metal center to which four ligands are
covalently bound, especially if one of those ligands is exchanged during
catalysis/inversion. Inversion at M in imido alkylidene complexes is a central issue in the
context of enantioselective metathesis reactions that involve MAP species.7 Lastly,
controlling inversion at the metal is key to the long sought goal of employing
"stereogenic-at-metal" complexes for possibly more efficient enantioselective reactions.' 2
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EXPERIMENTAL
General. All manipulations of air and moisture sensitive materials were
conducted under a nitrogen atmosphere in a Vacuum Atmospheres drybox or on a dual-
manifold Schlenk line. The glassware, including NMR tubes were oven-dried prior to
use. Ether, pentane, toluene, dichloromethane, toluene and benzene were degassed with
dinitrogen and passed through activated alumina columns and stored over 4 A Linde-type
molecular sieves. Dimethoxyethane was vacuum distilled from a dark purple solution of
sodium benzophenone ketyl, and degassed three times by freeze-pump-thaw technique.
The deuterated solvents were dried over 4 A Linde-type molecular sieves prior to use. 1H,
13C spectra were acquired at room temperature unless otherwise noted using Varian
spectrometers and referenced to the residual 'H/13C resonances of the deuterated solvent
(1H: CDCl3, 6 7.26; C6D6, 6 7.16; CD 2Cl 2, 6 5.32; CD 3CN, 6 1.94; THF-d, 6 3.58, 1.73;
C7D8, 6 7.09, 7.00, 6.98, 2.09; Pyridine-d, 6 8.74, 7.58, 7.22. 13C: CDCl 3, 6 77.23; C6D6,
6 128.39; CD 2Cl2 , 6 54.00; CD 3CN, 6 118.69, 1.39; THF-d, 6 67.57, 25.37; C7D8, 6
137.86, 129.24, 128.33, 125.49, 20.4; Pyridine-d, 6 150.35, 135.91, 123.87) and are
reported as parts per million relative to tetramethylsilane. "N NMR spectra were
referenced externally to neat CH 3C 5N (6 245 ppm) in comparison to liquid 5NH 3 (6 0
ppm).13 31P NMR spectra were referenced externally to phosphoric acid 85% (d 0 ppm).
Elemental analyses were performed by Midwest Microlab, Indianapolis, Indiana.
(R)-BitetOH,7 (S)-1,7 (R)-1,7d and Mo(NAr)(13CHCMe 3)(OTf)2(dme)14 were
prepared as described in the literature.
(R)-1(PMe 3). Trimethylphosphine (150 mL, 1.411 mmol, 15 equiv) was added to
a solution of pure (S)-i (100 mg, 0.094 mmol, 1 equiv) in pentane (1 mL). The solution
was stored at 22 'C overnight. Red crystals of a phosphine adduct (81 mg) were isolated
(75% yield): 'H NMR (500 MHz, CD 2 Cl 2 , 0 C) selected peak 6 13.57 (d, lH, syn
Mo=CH, JCH = 122 Hz, JHp = 7 Hz); 1H NMR (500 MHz, C7D8 , -30 C) selected peak 6
13.83 (d, lH, syn Mo=CH, JCH = 122 Hz, JHP = 7 Hz); 3 1P NMR (202 MHz, C7D8 , -30
'C) -11.5. Anal. calcd for C57H79Br2MoN 20 2PSi: C, 60.10; H, 6.99; N, 2.46; Found: C,
60.32; H, 7.10; N, 2.65.
X-Ray quality crystals were grown from pentane at 20 'C.
Kinetic Experiments
Kinetic Studies in the presence of PMe3 (10 mM) in C6D6 at 40 'C
Solid (R)-1(PMe3) (9.1 mg, 0.008 mmol) was placed in a J. Young tube. C6D6 (0.8
mL) was added to the NMR tube via syringe. Reaction progress was monitored by 'H
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NMR spectroscopy at 40 'C, where integral areas of the alkylidene protons of (S)-1 (6
12.42 ppm, s, 1H, syn Mo=CH, JCH = 118 Hz), and (R)-1 (6 12.90 ppm, s, 1H, syn
Mo=CH, JCH = 122 Hz) relative to the aromatic protons of anthracene internal standard (6
8.16 ppm, s, 2H) were obtained at 20 minute intervals. The experiment was concluded
when the equilibrium was reached (Keq = [(S)-1]/[(R)-1] = 2.0 in C6D6 at 40 0C). The
same behavior (same Keq, and same ksbs) was observed when a mixture of (S)-1 and 1
equiv of PMe3 (stock solution) was heated to 40'C.
Determination of order in PMe3
Solid (R)-1(PMe 3) (9.1 mg, 0.008 mmol) was placed in a J. Young tube. A stock
solution of PMe3 in C6D6 was added, where appropriate, to the NMR tube via syringe to
reach a total concentration of PMe 3 of 10 mM, 20 mM, 30 mM, 40 mM, and 50 mM,
respectively. The total volume of the reaction mixture was 0.8 mL. Reaction progress was
monitored by 'H NMR spectroscopy at 40 'C, where integral areas of the alkylidene
protons of (S)-i (6 12.42 ppm, s, lH, syn Mo=CH, JCH = 118 Hz), and (R)-1 (6 12.90
ppm, s, 1H, syn Mo=CH, JCH = 122 Hz) relative to the aromatic protons of anthracene
internal standard (6 8.16 ppm, s, 2H) were obtained at 20, 10, 8, 6, and 4 minute
intervals, respectively. The experiments were concluded when the equilibrium was
reached (Keq = [(S)-1]/[(R)-1] = 2.0 in C6D6 at 40 C). The dependence of the reaction
rate on the concentration of PMe 3 was measured at a constant total concentration of [Mo]
= 10 mM.
Kinetic Studies in the presence of PMe3 (10 mM) in THF-d8 at 40 'C
Solid (R)-1(PMe 3) (9.1 mg, 0.008 mmol) was placed in a J. Young tube. THF-d8
(0.8 mL) was added to the NMR tube via syringe. Reaction progress was monitored by
1H NMR spectroscopy at 40 'C, where integral areas of the alkylidene protons of (S)-1 (6
12.30 ppm, s, 1H, syn Mo=CH, JCH = 118 Hz), and (R)-1 (6 12.71 ppm, s, 1H, syn
Mo=CH, JCH = 122 Hz) relative to the aromatic protons of anthracene internal standard (6
8.44 ppm, s, 2H) were obtained at 10 minute intervals. The experiment was concluded
when the equilibrium was reached (Keq [(S)-1]/[(R)-1] = 2.0 in THF-d8 at 40 C).
Kinetic Studies in the presence of PMe3 (10 mM) in 1:1 CD3CN:C6D6 at 40 oC
Solid (R)-1(PMe3) (9.1 mg, 0.008 mmol) was placed in a J. Young tube. 0.4 mL
C6D6 and 0.4 mL CD 3CN were added to the NMR tube via syringe. Reaction progress
was monitored by 'H NMR spectroscopy at 40 'C, where integral areas of the alkylidene
protons of (S)-1 (6 12.81 ppm, s, 1H, syn Mo=CH, JCH = 118 Hz), and (R)-1 (6 13.38
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ppm, s, 1H, syn Mo=CH, JCH = 122 Hz) relative to the aromatic protons of anthracene
internal standard (8 8.16 ppm, s, 2H) were obtained at 10 minute intervals. The
experiment was concluded when the equilibrium was reached (Keq= [(S)-1]/[(R)-1] = 0.8
in 1:1 CD3CN:C 6D6 at 40 C).
Kinetic Studies in the presence of PMe2Ph (iM) in C6D6 at 4 0C
PMe2Ph (114 mL, 0.8 mmol, 100 equiv) was added via syringe to a solution of
(S)-1 (8.5 mg, 0.008 mmol) in C6D6. The total volume of the reaction mixture was 0.8
mL. The reaction mixture was then transferred to a J. Young tube. Reaction progress was
monitored by 'H NMR spectroscopy at 40 'C, where integral areas of the alkylidene
protons of (S)-i (8 12.36 ppm, s, 1H, syn Mo=CH, JCH = 118 Hz), and (R)-1 (6 12.85
ppm, s, IH, syn Mo=CH, JCH = 122 Hz) relative to the aromatic protons of anthracene
internal standard (8 8.16 ppm, s, 2H) were obtained at 20 minute intervals. The
experiment was concluded when the equilibrium was reached (Keq= [(S)-i]/[(R)-i] = 2.0
inC 6 D6 at 40 0C).
Variable Temperature NMR Studies
PMe 3 (4 tL, 0.038 mmol, 2 equiv) was added via syringe to a solution of (S)-1 (20
mg, 0.019 mmol, 1 equiv) in C7D. After ~6 h at 22 'C, the reaction mixture was
investigated by variable temperature 'H (Figure 4) and 31P (Figure 5) NMR spectroscopy.
At -30 0C, four phosphine adducts were observed: (S)-1(PMe3) (8H = 15.51 ppm, JCH =
121 Hz, JHP = 5 Hz; 8P. = -8.0 ppm), (S)-1'(PMe3) (-20% of total (S) adduct; 8H, =
13.94 ppm, JHP = 6 Hz; 8P.. -15.9 ppm), (R)-1'(PMe3) (~5% of total (R) adduct; 8H =
14.86 ppm, JHP = 8 Hz; 8P, = -12.6 ppm), and (R)-1(PMe3) (8Ha = 13.83 ppm, JCH = 122
Hz, JHP = 7 Hz; 8PC -11.5 ppm), along with (S)-I and (R)-1 (observed only in the 1H
NMR).
2,5-Me2-15NC 4H 3 (40% 15N). 2,5-Hexanedione (1.37 mL, 11.6 mmol, 1 equiv)
was added via syringe to a solution of 5NH 40Ac (1.0 g, 12.8 mmol, 1.10 equiv) in acetic
acid glacial (2 mL) under nitrogen. The reaction mixture was heated at 50 'C for 3 hours.
After complete consumption of the starting material, KOH solution was added to
neutralize the acetic acid. The organic materials were extracted with diethylether, dried
over anhydrous MgSO 4 and filtered. The diethylether was evaporated. 2,5-Me 2-NC4H3
(1.5 mL; 14.7 mmol) was added to the reaction mixture, which was distilled under partial
vacuum. 2,5-Me 2-NC4H3 (40% 15N) was collected as a colorless liquid (1.29 g, 13.5
mmol, yield = 5 1%): 'H NMR (500 MHz, C6D6 ) 6 6.34 (br, 0.6H, NH), 6.34 (dt, 0.4 H,
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NH, JHN= 93.5 Hz, JHH 2.5 Hz), 5.94 (d, 2H, CH, JHH= 2.5 Hz), 1.94 (s, 6H, CH 3); 15N
NMR (50 MHz, C6D6) 8 153.
Mo(NAr)(CHCMe 2Ph)(2,5-Me 215NC 4H2)2. The same procedure as the one used
for the preparation of the non-labeled Mo(NAr)(CHCMe 2Ph)(2,5-Me 2NC4H2)2.15 15 N
NMR (50 MHz, CD 2Cl 2, -30 0C) 8 262, 190.
Mo(NAr)(CHCMe 2Ph)(2,5-Me 215NC 4H2)(OBitet). The same procedure as the
one used for the preparation of the non-labeled Mo(NAr)(CHCMe 2Ph)(2,5-
Me 2NC 4H2)(OBitet). 7 After recrystallization from pentane red crystals of pure (S)-1
(40% 5N label) were obtained (yield = 70%): 5N NMR (50 MHz, C6D6) 8 231.
X-ray Crystallographic Procedure
Selected single crystals of (R)-1(PMe 3)-0.5(C 5H12)-0.25(PC 3H9),
[C57H79Br2MoN 20 2PSi]-0.5(C 5H12)-0.25(PC 3 H9), suitable for X-ray crystallography were
used for structural determination. The X-ray intensity data were measured at 100(2) K
(Oxford Cryostream 700) on a Bruker APEX CCD-based 3-circle platform X-ray
diffractometer system equipped with a Mo-target X-ray tube (X = 0.71073 A) operated at
2000 W power. The crystals were mounted on a goniometer head with paratone oil. The
detector was placed at a distance of 6.00 cm from the crystal. For each experiment a total
of 2400 frames were collected with a scan width of 0.3' in o and an exposure time of 20
s/frame. The frames were integrated with the Bruker SAINT software package using a
narrow-frame integration algorithm to a maximum 26 angle of 56.540 (0.75 A
resolution). The final cell constants are based upon the refinement of the XYZ-centroids
of several thousand reflections above 20o(1). Analysis of the data showed negligible
decay during data collection. Data were corrected for absorption effects using the
empirical method (SADABS). The structures were solved by direct methods and refined
by full-matrix least squares procedures on |F2 I using the Bruker SHELXTL (version
6.14) software package. The coordinates of heavy atoms for the structures were found in
direct method E maps. The remaining atoms were located after an alternative series of
least-squares cycles and difference Fourier maps. All hydrogen atoms were included in
idealized positions for structure factor calculations. Anisotropic displacement parameters
were assigned to all non-hydrogen atoms, except those in the solvent molecules.
Complex (R)-1(PMe3) crystallized in orthorhombic space group P212121 with one
molecule in the asymmetric unit. Many atoms in the OBitet ligand appeared to be
disordered over two orientations. The atomic positions of the two components are found
to be relative close, indicating structural flexibility of the ligand. The disorder was
modeled individually in each case and refined with the help of similarity restraints on 1-2
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and 1-3 distances and displacement parameters as well as rigid bond restraints for
anisotropic displacement parameters. In addition, a mixture of solvent molecules was
found to fill the voids in the packing of (R)-1(PMe3). The mixture was refined as pentane
and trimethylphosphine with partial occupancy of 0.5 and 0.25, respectively, which
results in noninteger values for the elements C, H, and P in the calculated empirical
formula of the structure of (R)-1(PMe 3). The overlapping of pentane and
trimethylphosphine molecules in the asymmetric unit suggests statistical distribution of
the two solvent molecules. Relevant crystallographic data are summarized in Table 2.
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Table 2. Crystal data and structure refinement for (R)-1(PMe3).
Empirical formula C60.25H87.25Br 2MoN 20 2P1. 2 5Si
Formula weight 1194.13
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group P212121
Unit cell dimensions a = 10.8412(15) A 90'
b = 18.736(3) A =900
c = 29.809(4)^ y = 90'
Volume 6054.7(15) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to Omax
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I > 2a(1)]
R indices (all data)
Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole
1.3 10 g/cm 3
1.630 mm-'
2494
0.10 x 0.09 x 0.08 mm 3
2.00 to 26.000
-13 < h < 13, -23 < k < 23, -36 < I < 36
96274
11897 [R(int) = 0.0413]
99.9 %
Semi-empirical from equivalents
0.8807 and 0.8540
Full-matrix least-squares on F2
11897 / 899 / 736
1.047
R1 = 0.0401, wR2= 0.1015
R1 =0.0448, wR 2 = 0.1047
0.000(8)
na
0.860 and -0.522 e A -3
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CHAPTER 4
Inversion of Configuration at the Metal in
Diastereomeric Imido MAP Species using Ethylene
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INTRODUCTION
Olefin metathesis reactions catalyzed by high oxidation state molybdenum and
tungsten imido alkylidene complexes have been dominated by bisalkoxide or biphenolate
and related species.1 In the last several years new types of imido alkylidene complexes
that have the formula M(NR)(CHR')(OR")(Pyr), where Pyr is a pyrrolide or substituted
pyrrolide ligand and OR" usually is an aryloxide, have been prepared and explored.2
These MAP (MonoAryloxidePyrrolide or MonoAlkoxidePyrrolide) species often can be
generated in situ through addition of R"OH to a M(NR)(CHR')(Pyr) 2 species,2a,3 an
attribute that allows relatively facile examination of many MAP variations, including
monosiloxide analogs of MAP species4 bound to silica.5 Attributes of homogeneous MAP
species include their high reactivity in general and their efficiency for enantioselective
metathesis reactions, 2c,h for formation of new ROMP polymer structures,j for endo-
selective enyne reactions,2k for Z-selective metathesis of terminal olefins, and for
efficient and clean ethenolysis reactions.2' Some of the most interesting catalytic
reactions to date have been carried out with derivatives in which the aryloxide is
relatively large, e.g., the anion derived from (R)-3,3'-dibromo-2'-(tert-
butyldimethylsilyloxy)-5,5',6,6',7,7',8,8'-octahydro-1,1'-binaphthyl-2-ol (HOBitet; see 1;
M = Mo or W), 2,3,5,6-tetraphenylphenol (HOTPP; see 2; M = Mo or W), or 2,6-(2,4,6-
(i-Pr)3 C6H2)2C6H3 (hexaisopropylterphenol or HOHIPT; see 3; M = Mo or W). As a
consequence of the presence of a stereogenic metal center in MAP species, two
diastereomers are formed when an enantiomerically pure aryloxide ligand is employed, as
in 1. An important feature of MAP complexes that contain a "large" aryloxide, at least in
terms of long-lived activity and low catalyst loadings, is that methylidene species, e.g., 2
or 3, often can be observed in solution, and in some cases appear to be relatively stable.
For example, a solution of 2 w (i.e., M = W) in toluene-d can be heated to 80 'C and
interconversion on the NMR time scale of the inequivalent methylidene protons (k = 90
1 at 20 'C) thereby observed.2 The stability of these 14 electron MAP methylidene
species contrasts with the low stability of 14e imido methylidene species of the
bisalkoxide or biphenolate type.' Bisalkoxide imido methylidene species usually are
observed only when the total metal electron count is >14, i.e., only when adducts are
formed.7
The presence of 14 electron methylidene species that are relatively stable toward
bimolecular decomposition, yet highly reactive toward olefins, compelled us to attempt to
isolate and crystallographically characterize some examples, since some feature of their
structures might be a reason for their increased stability toward bimolecular
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decomposition. For example, the ground state structure of a MAP methylidene species
could be a dimer that contains two asymmetrically bridging methylidenes, as has been
found for some tungsten biphenolate methylidene complexes that contain a 2,6-
dichlorophenylimido ligand.8 Another possibility is that the pyrrolide is bound in a ri
manner and that a MAP methylidene complex therefore is an 18e electron species, even
though a pyrrolide is bound in an l manner in MAP species that contain a
neopentylidene or neophylidene ligand.2ac~h, 4  Although solid samples of
W(NAr)(CH 2)(OBitet)(Me 2Pyr) (Ar = 2,6-diisopropylphenyl, Me 2Pyr = 2,5-
dimethylpyrrolide) could be obtained as a 3:1 mixture of diastereomers,2g no crystals of
either diastereomer could be obtained that were suitable for an X-ray study.
i-Pr i-Pr i-P i-Pr i-Pr
N N N
"CMe2Ph CH2 N CH2
0Br 0
BrimB
TBSO 
Ph Ph
1 2 3
Highly crystalline unsubstituted tungstacyclobutane complexes can be prepared
readily through treatment of a tungsten MAP species with ethylene, as shown in equation
1.2g Compound 4 w readily exchanges with ethylene and has been studied in detail through
NMR methods.29 The NMR studies are consistent with the loss of ethylene from 4 w to
yield intermediate ethylene/methylidene complexes, (R)-
W(NAr)(Me 2Pyr)(OBitet)(CH 2)(C2H4) and (S)-W(NAr)(Me 2Pyr)(OBitet)(CH 2)(C2H4).
X-ray studies show that 4 w and analogous metallacyclobutane species contain axial
imido and OBitet ligands, as shown in equation 1. All evidence suggests that an olefin
approaches the metal in a MAP species (such as 1w) trans to the pyrrolide, and that the
configuration at the metal inverts with each forward metathesis step. The analogous
molybdacyclobutane (4 mo), the first example of a crystallographically characterized TBP
molybdacyclobutane complex, is structurally virtually identical to 4w.21 Therefore we
became especially interested in comparing and contrasting analogous Mo and W
chemistry that concerns methylidene and metallacyclobutane species and their
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interconversion.
i-Pr i-Pr i-Pr
N N
C2 H4. (1 atm) ||
_ Nits" WI' CMe 2Ph pentane
O 22 C, 5 min O
Br - CH 2CHCMe 2Ph Br
BrB 66 d Bris"
TBSO66% yield TBSO
1w 4 w
RESULTS
4.1 Synthesis and Structure of Mo(NAr)(C 3H6)(Me 2pyr)(OBitet)
In the previous chapter we reported that Mo(NAr)(CHCMe 2Ph)(Me2Pyr)2 reacts
cleanly with 1 equiv of enantiomerically pure HOBitet to generate lmo as a mixture of
two diastereomers (Scheme 1).2c,2h When ethylene (1 atm) is added to a solution of 1Mo in
toluene-d 8 (30 mM) very broad ethylene (8 5.25 ppm) and methylidene proton resonances
are observed at 20 'C. When the reaction is cooled under an ethylene atmosphere,
Mo(NAr)(C 3H6)(Me 2pyr)(OBitet) (4 mo), was isolated and recrystallized from a 1:1
mixture of pentane and tetramethylsilane at -30 'C in the presence of ethylene (1 atm).
An X-ray structural study of 4 mo revealed it to have a TBP structure in which the imido
and the aryloxide ligands are in the axial positions (Figure 1),2 a structure that is virtually
identical to the structure found for 4w. Molybdacyclobutane species are especially rare
because they lose an olefin readily.9 To the best of our knowledge only one other
molybdacyclobutane, a square pyramidal bis-t-butoxide species, has been structurally
characterized.' 0 The proton NMR spectrum of 4 mo is typical for a TBP metallacycle with
H. resonances at 6.16, 5.69, 5.24, and 5.03 ppm and H, resonances at 0.74 and -0.16 ppm
at -70 'C. The isolation of 4 mo allowed us to carry out NMR studies analogous to those
on the tungsten analog and to compare tungsten and molybdenum data.
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C2H4 (1 atm) N toluene, vacuo N
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d.r. = 4:1
Scheme 1. Synthesis of methylidene and metallacyclobutane species.
When 4 mo is dissolved in toluene-d8, an equilibrium is established between 4mo,
methylidene diastereomers (S)-5 and (R)-5, and ethylene. At -20 0C and 30 mM initial
concentration of 4 mo, ~60% 4 mo, ~40% (S)-5 and (R)-5, and ethylene (0.6% in solution
relative to the total concentration of metal complexes) are observed (Figure 2). Four
methylidene proton resonances are observed for the diastereomers of 5 (Figure 3a), six
metallacyclobutane resonances are observed for metallacycle 4 mo (Figures 3b and 3c),
and a broad resonance is observed for ethylene (Figure 3b). The ethylene resonance is
found at approximately the chemical shift where it would be expected in the free form.
The ratio of the two diastereomers at -20 0C is (S)-5:(R)-5 = 1:4. Metallacyclobutane and
methylidene resonances have been identified by 2D HSQC and NOESY/EXSY NMR
methods described later in the text.
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Figure 1. Thermal ellipsoid drawing of 4 mo. Thermal ellipsoids are displayed at 50%
probability level. Hydrogen atoms are omitted. Selected distances (A) and angles (deg):
Mo(1)-C(l) = 2.056(7) A, Mo(1)-C(3) = 2.052(5) A, Mo(1)-N(1) = 1.764(4) A, Mo(1)-
N(2) = 2.059(4), Mo(1)-O(1) = 1.985(3), Mo(1)-N(1)-C(1 1) = 170.5(4) , N(1)-Mo(l)-
0(1) = 176.05(18)0 , Mo(1)-O(1)-C(31) = 170.4(3)0, C(1)-Mo(1)-C(3) = 83.7(3)0.
4.2 NMR Studies of Mo(NAr)(C 3H6)(Me 2pyr)(OBitet)
Before any modeling of exchange could take place, the NMR resonances of 4m.
that were involved in exchange had to be assigned. Resonances e,f, g, h,j, and k (Figures
3b and 3c) were attributed to the two methylene groups alpha to molybdenum (e, f g, h)
and the single methylene group beta to molybdenum (j, k) in compound 4m. (Figure 4).
Determination of which protons reside on the same carbon atom was accomplished using
the 2D 'H-13C HSQC NMIR experiment (Figure 5); f and g reside on one carbon and e
and h on the other.
- - . .......... Muu: ...........
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Figure 2. 500 MHz 1H NMR spectrum of 30 mM initial concentration of
Mo(NAr)(C 3H6)(Me2pyr)(OBitet) (4 mo) in toluene-d at -20 OC. At -20 OC, the reaction
mixture contains about 60% metallacycle 4m., 40% methylenes 5 ((S)- and (R)-
[Mo]=CH 2), and ethylene.
The spatial relationships of the proton resonances a-h, j, and k were determined
using 2D 'H-'H NOESY NMR techniques at -20 'C in toluene-ds (30 mM). Proton
resonance g (5.02 ppm) shows a strong NOE cross peak with the methine proton of the
isopropyl group at 3.63 ppm and other NOE cross peaks with the methyl resonances from
the same isopropyl group at 1.02 and 1.07 ppm. Resonance g is therefore attributed to a
proton that is "up" (syn) with respect to the imido group; protonf therefore must be anti.
Other evidence thatf is anti is that resonancef shows an NOE cross peak with the methyl
resonance of the t-butyl group at 0.91 ppm. This result also suggests that thef g pair is
bound to C3, since in the crystal structure C3 is spatially closer to the t-butyl group of the
aryloxide than is Cl. Resonance h shows NOE cross peaks with the isopropyl methyl
resonances at 1.13 and 0.95 ppm, thus indicating that h is syn and e is anti. Proton k
shows NOE cross peak with the isopropyl resonance at 3.63 ppm; therefore, k is syn andj
is anti.
. ... . .... ............................
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Figure 3. Proton NMR spectra of Mo(NAr)(C 3H6)(OBitet)(Me 2Pyr) (4 mo) in toluene-d
at -20 'C. (a) Expansion of the 1H NMR spectrum in the alkylidene region for (S)- and
(R)-Mo(NAr)(CH 2)(Me 2Pyr)(OBitet) (1 : 4 ratio of (S)-5 and (R)-5); (b) Expansion of the
'H NMR spectrum in the Ha region for Mo(NAr)(C 3H6)(OBitet)(Me 2Pyr) (4 mo). (c)
Expansion of the 'H NMR spectrum in the H, region for 4 mo. (See Scheme 2 for labels.)
Resonances a and b (8 13.05 and 12.32 ppm) are ascribed to the minor, (S)-
methylidene species ((S)-5; a is anti, b is syn), while resonances c and d (6 12.22 and
12.09 ppm) are ascribed to the major, (R)-methylidene species ((R)-5; c is anti, d is syn).
The R and S configurations of 5 were assigned on the basis of the species generated when
4 mo loses ethylene (Scheme 2). Experiments (2D IH-1H EXSY) employing 4 mo at -20 'C
reveal that proton a exchanges with protons e and h, but the a-e cross peak is stronger
than the corresponding a-h cross peak, consistent with loss of gfkj-ethylene to give (S)-
5 (Scheme 2). The strong a-e cross peak suggests that anti proton e becomes anti proton
a (Figure 6). Similarly, b and h, c andf; and d and g exchange.
.......................... .
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Figure 4. Thermal ellipsoid drawing of the core of Mo(NAr)(C 3H6)(Me2Pyr)(OR*) (4m,).
Thermal ellipsoids are at 50% probability level. The imido, pyrrolide, and the aryloxide
groups are excluded for clarity. The hydrogens on Cl, C2, C3 are included along with
their chemical shifts at -20 *C in toluene-dg (30 mM).
Ar
Hb
+ C2H4  N(2)
N--Mo H -
H1 - C2H4
OR*
(S) [Mo]=CH 2
Scheme 2. The spatial relationships
NOESY NMR techniques at -20 *C.
h Ar
k N
Mo(1) C(1) - 2 4
(2-Mo Hd
C(3) C(2) + C2H4
OR* He
0() f(R) [Mo]=CH 2
of the proton resonances determined by 2D 'H-'H
A typical EXSY spectrum that shows exchange cross peaks between the
methylidene and metallacyclobutane species is illustrated in Figure 6. Details concerning
the breakup and reformation of 4 mo at -20 'C can be obtained employing the same
methods as those employed in the analogous tungsten system.2
... ....................................
......... .. ........ ..   ....... .......... . . .. 
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Figure 5. 2D 1H-13C HSQC NMR spectrum of Mo(NAr)(13C 3H6)(Me 2Pyr)(OR*) (4m.) in
toluene-d (30 mM) at -70 'C, showing the C, region in F 1 and the Ha region in F2.
A reaction between 4 mo and ~1 atm of 13C-labeled ethylene showed that 13C is
incorporated into the MoC 3 ring in less than 1 min at 20 'C. The C, resonances in 4 mo are
found at 102.2 and 101.2 ppm, while the C, resonance is located at -1.1 ppm, all
consistent with the TBP geometry observed in the solid state. The reaction mixture was
placed under vacuum to remove the excess ethylene and (S)-5 and (R)-5 were observed
(Figure 7). The JCH values were established for anti protons a and c (JCH = 140 and 138
Hz) and for syn protons b and d (JCH = 163 and 165 Hz).
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Figure 6. 2D H- H EXSY NMR spectrum of Mo(NAr)(C 3H6)(Me 2Pyr)(OR*) (4mg.) in
toluene-d8 (30 mM, -20 'C, 80 ms mixing time) showing the H, region in F1 and the
methylidene region in F2.
An EXSY experiment of the mixture of (R)-5 and (S)-5 at 20 *C with no ethylene
present revealed that a and b, and c and d, respectively, do not exchange even at 200 ms
EXSY mixing time (Figure 8). The fact that the methylidene protons do not exchange
suggests that rotation about the M=C bond must take place at a rate of <0.2 s-1, as was
also found in Mo(NAr)(CH 2)(OHIPT)(Pyr) (vide supra).1 This result contrasts with
several examples of faster rotation about the W=C bond noted earlier.
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H (12.224 ppm)
JCH = 138 Hz
H(12.0 ppm)
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Ha (13.045 ppm)JcH = 140 Hz
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Figure 7. Expansion of the 'H NMR spectrum in
Mo(NAr)(13 CH 2)(Me 2Pyr)(OR*) (5) (S and R) in toluene-d8
the alkylidene region for
at -20 0C.
MoCHR
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Figure 8. 2D 'H-1H NOESY NMR spectrum of Mo(NAr)(CH 2)(Me 2Pyr)(OR*) (5) in
toluene-ds (30 mM, 20 C, 200 ms mixing time) showing the alkylidene region both in F1
and F2. No non-diagonal peaks are observed, suggesting that the methylidenes do not
exchange under these conditions.
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Details concerning the breakup and reformation of 4 mo at -20 'C (Scheme 3) can
be obtained employing the same methods as those employed in the analogous tungsten
system. As in the tungsten system, formation of an intermediate ethylene/methylidene
complex is most consistent with the data. The ethylene concentration is higher than what
would be expected on the basis of published solubility data in benzene, although
different conditions (solvent, etc.) in this experiment probably limit the reliability of the
solubility data. Data shown in Scheme 3 for (S) forms are much less accurate than data
for (R) forms as a consequence of the (S) forms being present in much lower
concentrations (-10% of (R) forms). Since we do not accurately know the amount of free
ethylene in solution, we do not know accurately the second order rate for reforming the
ethylene/methylidene intermediate and the position of the equilibria between the
ethylene/methylidene intermediates and the methylidene species and free ethylene.
It is not possible to obtain data for 4 m, above -20 'C as a consequence of rapid
exchange processes, but data could be obtained at -30 'C, -40 'C, and -50 'C (Table 1).
Since data for the (R) forms are the most accurate we only compare values for kRfwd and
kRrev at different temperatures here. The values of kRfwd (in s1; see Table 1) at four
temperatures were found to be 34.0 (-20 C), 5.88 (-30 C), 0.850 (-40 C), and 0.0913
(-50 C). From an Eyring plot (Figure 9) it was found that AHt = 21.6 ± 0.3 kcal mol-1
and ASI = 34.4 ± 1.6 e.u. A value for kRfwd for 4Mo at 20 'C was calculated employing
these parameters; kRfwd(Mo)20c was found to be 1.45 x 104 s-1 (Scheme 4). Since the
value for kRfwd(W)20o = 3.2 ± 0.1 s-1,2g the ratio of kRfwd(Mo)20o to kRfwd(W)2oo is -4500. In
a similar manner the values for AH = 13.2 ± 0.3 kcal mol-1 and ASI = 3.4 ± 1.4 e.u. for
kRrev(MO)2o were determined; kRrev(MO)2oo was found to be 4900 s-1, which is a factor of
71 larger than kRrev(W) 20o (69 s-1). Therefore at 20 'C the value of
kRrev(MO)20o/kRfwd(MO)20o = 0.34, which should be compared with a value of
kRrev(W)20c/kRfwd(W)20o = 21.56.2g The values for kRfreefwd as a function of temperature are
not well-behaved, which suggests that the rate constants for kfreefwd and kfreerev for both (R)
and (S) forms are not reliable. To our knowledge these are the first quantitative data that
demonstrate the relative stabilities of a high oxidation state molybdacyclobutane complex
versus the analogous tungstacyclobutane complex.
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Scheme 3. Details of processes involving loss of ethylene from
Mo(NAr)(C 3H6)(OBitet)(Me 2Pyr) in solution at -20 'C.
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Scheme 4. A comparison of the rate constants for interconversion of
Mo(NAr)(C 3H6)(OBitet)(Me2Pyr) and (R)-Mo(NAr)(CH 2)(C2H4)(OBitet)(Me2Pyr) with
interconversion of W(NAr)(C 3H)(OBitet)(Me 2Pyr) and (R)-
W(NAr)(CH 2)(C2H4)(OBitet)(Me2Pyr) at 20 'C.
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-20 *C -30 *C -40 *C -50 0C
[total] mM 29.9803 31.8648 31.8648 31.8648
[met] mM 17.8561 24.6728 27.77426 29.5225
[R+eth] mM 5.9138 4.1626 2.3569 1.1430
[S+eth] mM 0.2496 0.2059 0.0855 0.0643
[R] mM 4.0412 1.8276 1.1960 1.1268
[S] mM 1.9196 0.9959 0.4839 0.1443
[eth] mM 0.1780 0.1115 0.0755 0.0623
Ethylene 29 35 43 52
solubility mM 293
Keq(R) (conc) 0.331 0.169 0.085 0.0387
Keq(R) (kin) 0.296 (12%) 0.142 (19%) 0.078 (9%) 0.0295 (31%)
Keq(S) (conc) 0.014 0.00835 0.00308 0.00218
Keq(S) (kin) 0.0175 (20%) 0.0112 (26%) 0.00129 (138%) 0.00298 (27%)
Keq(Rfree) (conc) 1.22*10-4 4.90*10-5 3.83*10-5 6.14*10-5
Keq(Rfree) (kin) 1.68*10-4 (27%) 8.91*10-5 (45%) 6.08*10-5 (37%) 1.43*10-5 (317%)
Keq(Sfree) (conc)
Keq(Sfree) (kin)
kRwd
kSfwd
kRrev
ksrev
kRfreefwd
ksfreefwd
kRfreerev
kSfreerev
Normalized
residual
1.37*10-3
1.28*10~3 (7%)
34.0(0.2)
38.7(14.1)
115(1)
2.21(0.8)*103
177(4)
455(115)
1.06(0.02)*106
3.55(0.33)*105
4.83%
5.39*10-4
4.83*10~4 (12%)
5.88(0.03)
6.73(2.06)
41.5(0.4)
600(252)
228(5)
123(30)
2.56(0.03)*1 06
2.55(0.29)*1 05
1.78%
4.27*10-4
8.09*10-4 (63%)
0.850(0.002)
1.07(0.29)
10.9(0.1)
826(255)
218(46)
201(46)
3.58(0.75)*1 06
1.76(0.16)*105
7.45%
1.40*104
1.01*10-5 (1305%)
9.13(0.44)*1 02
2.71(0.69)
3.10(0.13)
911(172)
0.542(0.144)
281(183)
3.68(5.65)*1 04
2.83(0.87)*1 07
59%
Table 1. Kinetic rate
for 4m..
constants and concentrations at -20 'C, -30 C, -40 'C, and -50 'C
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Figure 9. Eyring plots for kRfd and kRev at -20, -30, -40, and -50 'C for cleavage and
reformation of Mo(NAr)(C 3H6)(OBitet)(Me 2Pyr) (see Scheme 3).
4.3 NMR Investigations of Syn-Anti Alkylidene Interconversion
The rotation about the Mo=C bond raised the question about syn-anti
interconversion in monosubstituted alkylidenes. The interconversion of syn-anti
alkylidenes has been an area of interest in our group and it has been extensively studied
for bisalkoxide species.' 3 A more recent example from our group addresses the
interconversion of syn-anti alkylidenes in MAP species.'4 It was found that at 298 K the
rate constant for conversion of anti-Mo(NAr)(CHCMe 2Ph)(pyr)(OTPP) (OTPP = 2,3,5,5-
tetraphenylphenoxide) to syn isomer is compared with those for
Mo(NAr)(CHCMe 2Ph)[OCMe 2(CF 3)]2 and Mo(NAr)(CHCMe 2Ph)[OCMe(CF 3)2]2. The
measurement of the rates on conversion of anti- to syn-
Mo(NAr)(CHCMe 2Ph)(pyr)(OTPP) are the first for any MAP species that contain a
monosubstituted alkylidene.
The interconversion of syn-anti alkylidenes in
Mo(NAr)(CHCMe 2Ph)(pyr)(OTPP) was investigated about the same time with the
interconversion in Mo(NAr)(CHCMe 2Ph)(Me2pyr)(OBitet) species (eq. 2). To investigate
the conversion of syn and anti isomers for the Bitet system, the alkylidene carbon was
labeled with 13C to allow for the observation of the JCH value by 'H NMR spectroscopy.
Enantiomerically pure phenol (BitetOH) has been added to an ether solution of
Mo(NAr)(2,5-Me 2NC4H2) 2('3CHCMe 3) and the reaction mixture was allowed to stir at
.. ........
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room temperature for 15 min. The volatiles were removed under vacuum and after
recrystallization from tetramethysilane at -35 4C, orange crystals were obtained in -50%
yield. The 'H NMR spectrum of these crystals shows a single alkylidene resonance at 8
12.28 ppm with a JCH value of 117 Hz, indicative of a syn-S species (the S conformation
was determined by analogy with the Mo(NAr)(2,5-Me 2NC4H2)(OBitet)(CHCMe 2Ph)
(Imo) system). The mother liquor was concentrated and the 1H NMR spectrum is shown
in Figure 10. Five species can be identified according to the chemical shift of the
alkylidene and the JCH value: syn-S (6 12.28 ppm; JCH = 117 Hz), syn-R (8 12.37 ppm;
JCH = 121 Hz), anti-S (6 12.98 ppm; JCH = 151 Hz), anti-R (6 13.39 ppm; JCH = 150 Hz),
and anti-R'(8 13.58 ppm; JCH= 151 Hz).
i-r i-Pr i-Pr i-Pr
N N
-- o Me3 3 1 H (2)
O H BCMe 3Br BBrr
Brioi BristoTBSO TBSO
Syn Anti
The interconversion of the syn and anti species has been investigated by NOESY
studies. The mother liquor obtained after recystallization of syn-S from tetramethysilane
at -35 'C was subject to NOESY studies. No cross peaks between syn-S and anti-S have
been observed below 40 'C and 200 ms mixing time, suggesting that the rate of
interconverion is higher that 0.2 s-I at 40 0C. However, NOESY cross peaks can be
observed at higher temperatures, such as 50 'C and 0.2 s mixing time. syn-R and anti-R'
display NOESY cross peaks at even more elevated temperatures, such as 80 'C and 0.2 s
mixing time (Figure 11). Under these conditions syn-S (shown in red) and anti-S (shown
in green) interconvert, as well as, syn-R (shown in blue) and anti-R'(shown in orange),
confirming the assignment.
........... .. .......................
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Figure 10. Expansion of the alkylidene region of the 'H NMR spectrum of the mother
liquor obtained after recystallization of syn-S (shown in red) from tetramethysilane at -35
oC.
Anti-R and anti-R' interconvert at even higher temperature (90 'C and 0.2 mixing
time) (Figure 12). An expansion of the 1H-1H EXSY spectrum is shown below. Under
these conditions anti-R (shown in purple) and anti-R'(shown in orange) interconvert;
anti-R and anti-R' are believed to be atropisomers.
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Figure 11. NOESY studies at 80 'C and 0.2 s mixing time; under these conditions syn-S
(shown in red) and anti-S (shown in green) interconvert.
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Figure 12. NOESY studies at 90 'C and 0.2 s mixing time; under these conditions anti-R
(shown in purple) and anti-R' (shown in orange) interconvert; anti-R and anti-R' are
believed to be atropisomers.
DISCUSSION
The work reported here confirms that reactive 14 electron methylidene species
under the right circumstances can be relatively stable toward bimolecular decomposition.
We have proposed that bimolecular decomposition involves (first) formation of an
unsymmetrically bridging bis-[t-methylidene species; one example, heterochiral
[W(NArci)(Biphen)([t-CH 2)]2 (where Arci is 2,6-dichlorophenylimido), has been
crystallographically characterized.8 Homochiral [W(-NArci)(Biphen)] 2(-CH2CH2) has
also been crystallographically characterized. Both are logical intermediates in
decomposition of a methylidene species to an olefin-free W=W species or to a
monomeric ethylene complex. 16 One potentially important unknown detail (since another
equivalent of ethylene is required) is the role of ethylene in the conversion of an
........................ . - ... .............. .............................. m ...........    .............. .. ........ .. .
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intermediate bimetallic species into monomeric ethylene complexes. There is evidence in
the literature that ethylene accelerates decompositions in W imido alkylidene 7 and Re
alkylidyne alkylidenel systems. Therefore, the right combination of sterically bulky
ligands can ensure methylidene stability, either through slowing formation of bis-[t-CH 2
species, or slowing the reaction of bis-[t-CH 2 intermediates with ethylene to give two
ethylene complexes. Stability of methylidene species combined with high reactivity are
bound to lead to relatively efficient and long-lived metathesis catalysts.
We propose that an olefin attacks the metal in MAP species trans to the pyrrolide
ligand to form an intermediate metalacyclobutane that contains the pyrrolide and two
carbons of the resulting metallacycle in equatorial positions (Scheme 3). The product
olefin (ethylene in this example) then leaves trans to the pyrrolide to generate the new
alkylidene (M=CHR in this case) with the opposite configuration at M. In effect, the
reactant olefin enters "trans" to the pyrrolide and the product olefin leaves "trans" to the
pyrrolide, all via an intermediate TBP with axial imido and aryloxide ligands, inverting
the configuration at M with each metathesis step. This proposal is consistent with recent
calculations performed by Eisenstein on Mo(NR)(CHR')(pyrrolide)(alkoxide) species,
which suggest that the lowest energy transition state for metathesis is the result of olefin
approach to the metal trans to the pyrrolide group.19
Inversion at M by an olefin is about five orders of magnitude faster than a
reaction that involves rearrangement of a five-coordinate phosphine (see Chapter 3) or
olefin adduct, in part because a metalacyclobutane ring forms rapidly. (There is only one
reported observation of an olefin adduct of a high oxidation state alkylidene.2 0 ) The speed
of metathesis/inversion at M is expected to vary widely and exceptionally finely as steric
interactions generated in reactions between a given diastereomer and a given olefin
become more significant and unavoidable.
It has long been observed qualitatively that TBP tungstacyclobutane complexes
are more stable toward loss of olefin than molybdacyclobutane complexes. We now have
the first direct comparison of the rate of cleavage of an unsubstituted molybdacycle with
the rate of cleavage of an unsubstituted tungstacycle to an ethylene/methylidene
intermediate, and comparison of the subsequent rates of loss of ethylene from the Mo and
W ethylene/methylidene intermediates. The stability of especially an unsubstituted
tungstacyclobutane toward loss of ethylene early in the development of imido alkylidene
catalysts was one of the reasons why molybdenum catalysts were sought, i.e., ethylene
formed in a metathesis process could sequester tungsten in the form of an unsubstituted
metallacyclobutane. 2 1 Relatively more facile loss of an olefin from a metallacyclobutane
also should apply to substituted metallacycles. The more rapid loss of olefin from
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molybdacyclobutanes could contribute to a relatively high metathesis activity for
molybdenum complexes in a variety of circumstances compared to tungsten analogs, as
in the recently reported Z-selective coupling of terminal olefins, which are more
successful employing the "less reactive" tungsten catalysts for the substrates examined so
far. 2i
We are surprised not only by the stability of certain methylidene complexes, but
by the relatively rapid rate of rotation of W=CH 2 species about the W=C bond, i.e.,
interconversion of syn and anti methylidene protons. Confirmed rates at 22 'C in
complexes discussed here vary from 4-5 s-1 up to 230 s-1. These rates are summarized in
Table 2. We suspect that methylidene rotation cannot be compared directly with rates of
interconversion of syn and anti isomers. The reason is that if the M=CHanti agostic
interaction is an important stabilizing feature that allows syn and anti isomers of
substituted alkylidenes to be observed, one could argue that the agostic interaction never
fully disappears in the process of rotating the methylidene ligand, and could even act as a
means of lowering the energy of the transition state in which the methylidene has rotated
by 900 and the M=C bond has been formally broken.
Table 2. Rates of exchange of methylidene protons at 20 'C.
Methylidene species Rate (s-1)
Mo(NAr)(CH 2)(OBitet)(Me2Pyr) < 0.2
Mo(NAr)(CH 2)(OHIPT)(Pyr)" < 0.2
W(NArt-Bu)(CH 2)(OTPP)(Me 2Pyr)"I 230
W(NAr)(CH2)(OTPP)(Me 2Pyr)2g 90
(R)-W(NAr)(CH2)(OBitet)(Me 2Pyr)2g 3.6
(S)-W(NAr)(CH 2)(OBitet)(Me 2Pyr)2g 5.1
A relatively slow rotation of methylidene ligands in molybdenum species was
unexpected. So far we can only say that rotation rates are <0.2 s-1 for the two Mo species
that we have explored. Rotation of tungsten methylidenes may be significantly faster than
molybdenum methylidenes if the agostic interaction is stronger for tungsten than for
molybdenum and the transition state in which the methylidene has rotated 90' therefore
stabilized to a greater degree than for molybdenum.
The presence in the kinetic scheme of an intermediate ethylene/methylidene
complex has led to well-behaved temperature dependencies for the rate constants for its
formation and for reformation of the metallacycle in the
Mo(NAr)(C 3H6)(OBitet)(Me 2Pyr) system. These data, in combination with those
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generated in the W(NAr)(C 3H6)(OBitet)(Me 2Pyr) investigation,2g give us confidence that
the ethylene/methylidene intermediate exists. The values for AS for kRfwd (34.4 ± 1-6
e.u.) and for AS for kRrev(MO) 20 (3.4 ± 1.4 e.u.) are consistent with significant disorder in
the transition state leading to the ethylene/methylidene intermediate and with more order
in the transition state leading back to the metallacyclobutane complex, respectively. The
value of k1rev(Mo)20o/kRfwd(Mo)20o = 0.34 at 20 'C suggests that more
ethylene/methylidene complex is present at 20 'C than metallacyclobutane. It is
important to note that the structure of the ethylene/methylidene intermediate is not known
at this stage, so interconversion of the metallacyclobutane complex and the
ethylene/methylidene complex may include a component that consists of a change in
geometry at the metal center and/or even a high degree of fluxionality for the five-
coordinate ethylene/methylidene species. The apparent relatively high stability of
metallacyclobutane species toward loss of ethylene when the aryloxide is OHIPT
suggests that details concerning exactly how the olefin leaves the metallacycle (twisting,
sliding, etc.) are likely to be important. To our knowledge the only evidence (prior to that
reported here and in a previous paper2g) for an alkylidene/olefin complex in high
oxidation state species is formation of a cycloheptene/cyclopentylidene species at low
temperatures upon addition of cycloheptene to [W(C 5Hs)(OCH 2CMe3)2Br 2]GaBr 3.22
CONCLUSIONS
Reactive methylidene MAP species under the right circumstances are relatively
stable toward bimolecular decomposition or as yet poorly defined ethylene-catalyzed
decomposition processes. In the solid state the methylidene complex is a monomer
containing an q '-pyrrolide ligand and the methylidene ligand is distorted in a manner
consistent with an agostic CHanti interaction. Methylidenes rotate about the W=C bond at
rates that vary from 3.6 s-1 to 230 s-1, but rotation about Mo=C bonds is comparatively
slow (<0.2 s-1). MAP metallacyclobutane species break up at widely differing rates to
give intermediate ethylene/methylidene intermediates. In
M(NAr)(C 3H6)(OBitet)(Me2Pyr) systems, the rate of metallacycle breakup has been
found to be 4500 times faster when M = Mo than when M = W at 20 'C.
EXPERIMENTAL
General. General procedures can be found in a previous paper.29 2,3,5,6-
Tetraphenylphenol (HOTPP)," 3 ,3'-dibromo-2'-(tert-butyldimethylsilyloxy)-
5,5',6,6',7,7',8,8'-octahydro-1,1'-binaphthyl-2-ol (HOBitet),2 c,d hexaisopropylterphenol
24 25 Wh(HIPTOH) , W(NAr)(CHMe 2Ph)(Me2Pyr)2, W(NAr)(CHCMe 2Ph)(Pyr)2(DME) ,
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W(NArci)(CHCMe 3 )(Pyr)2(DME), Mo(NAr)(CHCMe 2Ph)(Me2Pyr)2,2a
Mo(NAr)(CHCMe2Ph)(Pyr)2, 3 a NO 2c,2h 4 Mo,21 and 5 were all prepared according to
literature procedures.
Mo(NAr)(C 3H6)(Me 2Pyr)(OBitet) (4 mo). Ethylene (1 atm) was added to a
pentane solution of Mo(NAr)(CHCMe 3)(Me 2Pyr)(OBitet) (25.5 mg, 40 mM) in a J
Young tube. The reaction mixture was allowed to cool down to -78 'C. The volatile
materials were removed under vacuum at -78 'C. A 1:1 mixture of pentane:
tetramethylsilane was vacuum transferred at -78 'C. Ethylene (1 atm) was added to the J
Young tube at 20 'C. The solution was stored at -30 'C. Orange crystals of
Mo(NAr)(C 3H6 )(Me2Pyr)(OBitet) (10 mg) were isolated in 40% yield. 'H NMR (500
MHz, C7D8 , -70 C) selected peaks 6H, = 6.16, 5.69, 5.24, 5.03; 8HP = 0.74, -0.16. 13C
NMR (125 MHz, C7D8 , -70 C) selected peaks 8C, = 102.2, 101.2; 8C = -1.1. Anal.
Caled for C4 7H64Br 2 MoN 20 2 Si: C, 58.03; H, 6.63; N, 2.88; Found: C, 57.64; H, 6.77; N,
2.85.
X-Ray quality crystals were grown from a mixture of pentane and
tetramethylsilane at -30 'C and under 1 atm of ethylene.
Relevant crystallographic data are summarized in Table 3.
(S)- and (R)-Mo(NAr)(CH 2)(Me 2Pyr)(OBitet) (5). Ethylene (1 equiv) was
added to a solution of (S)-1mo (25.5 mg, 1 equiv) in C7D8 (40 mM). The 'H NMR was
recorded after 5 minutes at 10 'C. The two methylidenes are observed in the ratio of 2:1.
'H NMR (500 MHz, C7D8, 10 C) selected peaks 6 67% 8 H. = 12.35 (d, 1H, Mo=CH,
JHH 4.5 Hz), 12.13 (d, 1H, Mo=CH, JHH- 4.5 Hz); 33% at 10 'C, 6 Ha= 12.94 (d, 1H,
Mo=CH, JHH 4.0 Hz), 12.24 (d, 1H, Mo=CH, JHH 4.0 Hz); When 13C 2H4 was used,
the following 13C NMR was observed. 3C NMR (125 MHz, C7D8, 10 C) selected peaks
8 276.3 (Mo=CH 2), 275.9 (Mo=CH2).
General Information for 2D 1H NMR Experiments
A solid sample of the compound of interest was weighed and transferred to a J-
Young tube. A known volume of toluene-d was added via syringe, and the tube was
sealed. Refer to individual figures for temperature, mixing time, and concentration of the
samples.
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Table 3. Crystal data and structure refinement for Mo(NAr)(C 3H6)(Me 2Pyr)(OBitet)
(4mo).
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to Omax
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I > 20(1)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole
d09020
C47 H64 Br 2 Mo N2 02 Si
972.85
100(2) K
1.54178 A
Monoclinic
P21
a = 10.2743(2) A
b = 33.9203(7) A
c = 13.2436(3) A
4585.63(17) A3
a = 90'
= 96.521(2)
y = 900
1.409 g/cm3
4.919 mm-
2008
0.15 x 0.10 x 0.01 mm3
3.36 to 67.720
-12 < h < 12, -39 < k < 32,-15 < l < 15
70305
14712 [R(int) = 0.0725]
98.8 %
Semi-empirical from equivalents
0.9525 and 0.5257
Full-matrix least-squares on F2
14712 / 443 / 1108
1.020
R1 = 0.0455, wR2 = 0.1062
R1 = 0.0541, wR2 = 0.1110
0.010(8)
1.049 and -0.923 eA -3
104
Chapter 4
REFERENCES
1. (a) Schrock, R. R. Chem. Rev. 2002, 102, 145. (b) Schrock, R. R.; Hoveyda, A. H.
Angew. Chem. Int. Ed. 2003, 42, 4592. (c) Schrock, R. R. in Handbook of Metathesis,
Grubbs, R. H., Ed., Wiley-VCH, Weinheim, 2003, p. 8. (d) Schrock, R. R. Angew.
Chem. Int. Ed 2006, 45, 3748. (e) Schrock, R. R.; Czekelius, C. C. Adv. Syn. Catal.
2007, 349, 55.
2. (a) Singh, R.; Schrock, R. R.; Mtller, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2007,
129, 12654. (b) Marinescu, S. C.; Schrock, R. R.; Li, B.; Hoveyda, A. H. J. Am.
Chem. Soc. 2009, 131, 58. (c) Malcolmson, S. J.; Meek, S. J.; Sattely, E. S.; Schrock,
R. R.; Hoveyda, A. H. Nature 2008, 456, 933. (d) Sattely, E. S.; Meek, S. J.;
Malcolmson, S. J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 943.
(e) Schrock, R. R. Chem. Rev. 2009, 109, 3211. (f) Ibrahem, I; Yu, M.; Schrock, R.
R.; Hoveyda, A. H. J. Am. Chem. Soc., 2009, 131, 3844. (g) Jiang, A. J.; Simpson, J.
H.; M0ler, P.; Schrock, R. R. J. Am. Chem. Soc. 2009, 131, 7770. (h) Meek, S. J.;
Malcolmson, S. J.; Li, B.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009,
131, 16407. (i) Jiang, A. J.; Zhao, Y.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem.
Soc. 2009, 131, 16630. (j) Flook, M. M.; Jiang, A. J.; Schrock, R. R.; Muller, P.;
Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 7962. (k) Lee, Y.-J.; Schrock, R. R.;
Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 10652. (1) Marinescu, S. C.; Schrock,
R. R.; Mller, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 10840. (m) Schrock,
R. R.; Jiang, A. J.; Marinescu, S. C.; Simpson, J. H.; MUller, P. Organometallics
2010, 29, 5241. (n) Flook, M. M.; Ng, V. W. L.; Schrock, R. R. J. Am. Chem. Soc.
2011, 132, 1784. (o) Meek, S. J.; O'Brien, R. V.; Llaveria, J.; Schrock, R. R.;
Hoveyda, A. H. Nature 2011, 471, 461.
3. (a) Hock, A. S.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128, 16373.
(b) Marinescu, S. C.; Singh, R.; Hock, A. S.; Wampler, K. M.; Schrock, R. R.;
MUller, P. Organometallics 2008, 27, 6570.
4. Wampler, K. M.; Hock, A. S.; Schrock, R. R. Organometallics 2007, 26, 6674.
5. (a) Blanc, R.; Berthoud, R.; Salameh, A.; Basset, J.-M.; Coperet, C.; Singh, R.;
Schrock, R. R. J. Am. Chem. Soc. 2007, 129, 8434. (b) Blanc, F.; Berthoud' R.;
Coperet' C.; Lesage, A.; Emsley, L.; Singh, R.; Kreickmann, T.; Schrock, R. R. Proc.
Nat. Acad Sci. 2008, 105, 12123.
6. The exchange of methylidene protons has been shown to be independent of
concentration, which rules out any intermolecular scrambling process; King, A. J.,
unpublished results.
105
Chapter 4
7. Fox, H. H.; Lee, J.-K.; Park, L. Y.; Schrock, R. R. Organometallics 1993, 12, 759.
8. Arndt, S.; Schrock, R. R.; Miller, P. Organometallics 2007, 26, 1279.
9. (a) Feldman, J.; Davis, W. M.; Thomas, J. K.; Schrock, R. R. Organometallics 1990,
9, 2535. (b) Feldman J.; Schrock, R. R. Prog. Inorg. Chem. 1991, 39, 1.
10. Bazan, G. C.; Oskam, J. H.; Cho, H.-N.; Park, L. Y.; Schrock, R. R. J. Am. Chem.
Soc. 1991, 113, 6899.
11. Schrock, R. R.; Jiang, A. J.; Marinescu, S. C.; Simpson, J. H.; MUller, P.
Organometallics 2010, 29, 5241.
12. Jolley, J. E., Hildebrand, J. H. J Am. Chem. Soc. 1958, 80, 1050.
13. Oskam, J. H.; Schrock, R. R. J. Am. Chem. Soc. 1993, 115, 11831.
14. Flook, M. M.; Gerber, L. C. H.; Debelouchina, G. T.; Schrock, R. R.
Macromolecules 2010, 43, 7515.
15. (a) Lopez, L. P. H.; Schrock, R. R. J. Am. Chem. Soc. 2004, 126, 9526. (b) Lopez, L.
P. H.; Schrock, R. R.; MUller, P. Organometallics 2006, 25, 1978. (c) Lopez, L. P.
H.; Schrock, R. R.; Muller, P. Organometallics 2008, 27, 3857.
16. Tsang, W. C. P.; Jamieson, J. Y.; Aeilts, S. A.; Hultzsch, K. C.; Schrock, R. R.;
Hoveyda, A. H. Organometallics 2004, 23, 1997.
17. Tsang, W. C. P.; Hultzsch, K. C.; Alexander, J. B.; Bonitatebus, P. J., Jr.; Schrock, R.
R.; Hoveyda, A. H. J. Am. Chem. Soc. 2003, 125, 2652.
18. Leduc, A.-M.; Salameh, A.; Soulivong, D.; Chabanas, M.; Basset, J.-M.; Copdret, C.;
Solans-Monfort, X.; Clot, E.; Eisenstein, 0.; Boehm, V. P. W.; Roeper, M. J. Am.
Chem. Soc. 2008, 130, 6288.
19. Solans-Monfort, X.; Coperet, C.; Eisenstein, 0. J. Am. Chem. Soc. 2010, 132, 7750.
20. Kress, J.; Osborn, J. A. Angew. Chem. Int. Ed Engl. 1992, 31, 1585.
21. Feldman J.; Schrock, R. R. Prog. Inorg. Chem. 1991, 39, 1.
22. Kress, J.; Osborn, J. A. Angew. Chem. Int. Ed. Engl. 1992, 31, 1585.
23. Yates, P.; Hyre, J. E. J. Org. Chem. 1962, 27, 4101.
24. Stanciu, C; Olmstead, M. M.; Phillips, A. D.; Stender, M.; Power, P. P. Eur. J. Inorg.
Chem. 2003, 3495.
25. Kreickmann, T.; Arndt, S.; Schrock, R. R.; Muller, P. Organometallics 2007, 26,
5702.
106
CHAPTER 5
Ethenolysis Reactions Catalyzed by
MAP Complexes of Molybdenum
A portion of this chapter has appeared in print:
Marinescu, S. C.; Schrock, R. R.; Muller, P.; Hoveyda, A. H. "Ethenolysis Reactions
Catalyzed by Imido Alkylidene Monoaryloxide Monopyrrolide (MAP) Complexes of
Molybdenum" J. Am. Chem. Soc. 2009, 131, 10840-10841.
Chapter 5
INTRODUCTION
We have reported recently that MonoAryloxide-Pyrrolide (MAP) olefin
metathesis catalysts 1 and 2, which can be prepared through addition of a phenol to a
bispyrrolide,' can be especially efficient for enantioselective and/or Z-selective
reactions. 2 In the process of studying related tungsten MAP complexes2g we noticed that
some methylidene species could be unusually stable, yet highly reactive. For example, a
0.04 M solution of W(NAr)(CH2)(O-2,3,5,6-Ph 4C6H)(Me2Pyr) (Me2Pyr = 2,5-
dimethylpyrrolide) in toluene-d8 could be heated to 80 'C without causing significant
decomposition in a period of -1 hour. Stability of methylidene species is likely to be an
important feature of MAP species that are especially efficient in a reaction in which
ethylene is present. Long-lived, reactive methylidene species and lability of unsubstituted
metallacyclobutane intermediates 2,g suggest that efficient ethenolysis of internal linear
(equation 1) or cyclic olefins may be possible. Efficient ethenolysis of a natural product
such as methyl oleate is attractive as a method of obtaining useful chemicals from
biomass.3 We show here that ethenolysis reactions that employ molybdenum-based MAP
species can be highly efficient at room temperature and readily accessible pressures of
ethylene.
R Ad
I II
'" Mo "'IPh Mo "'IPh
Br Br
Trip Trip
TBSO
I 2a; R'= H
1a; R=Ar 2b; R'= Me
1b; R = Ad Trip = 2,4,6-i-Pr3CH 2
catalyst
C2H4
CO2Me + _ C2Me (1)
7 7 220 C 7 7
methyl oleate 1-decene methyl 9-decenoate
RESULTS
5.1 Ethenolysis of Methyl Oleate, Cyclooctene, and Cyclopentene
Exposure of la to 1 atm of ethylene has been shown to lead to mixtures that
contain the two diastereomers of Mo(NAr)(CH 2)(Me 2Pyr)(OBitet), along with the
unsubstituted molybdacyclobutane, Mo(NAr)(C 3H6)(Me 2Pyr)(OBitet). The
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molybdacyclobutane complex, Mo(NAr)(C 3H6)(Me 2Pyr)(OBitet), can be isolated by
recrystallization from a 1:1 mixture of pentane and tetramethysilane at -30 'C in the
presence of 1 atmosphere of ethylene. An X-ray structural study reveals it to have the
TBP structure (see Chapter 4). Molybdacyclobutane species are especially rare because
they lose an olefin readily.4 Metallacyclobutanes that have a TBP structure are proposed
to lose an olefin more readily than a SP species.4 Mo(NAr)(C 3H6)(Me 2Pyr)(OBitet)
releases ethylene readily, even at -20 'C, to give mixtures of the two diastereomers of
Mo(NAr)(CH 2)(Me 2Pyr)(OBitet) (see Chapter 4 for detailed kinetic studies).
Ethenolysis (employing 99.5% pure ethylene) of methyl oleate (Table 1) initiated
by la at room temperature yields essentially only 1-decene (iD) and methyl-9-decenoate
(M9D) with a selectivity of >99% and yields up to 95% (entries 1-4). (The other possible
products are 1,1 8-dimethyl-9-octadecenoate and 9-octadecene.) The highest turnovers are
found at the higher pressures (see 3 vs. 4). All results are consistent with time dependent
catalyst decomposition and a (low) solubility of ethylene in methyl oleate that limits
conversion at low pressures. The catalysts shown in entries 5-7 produce product with
lower selectivities and yields. An OBitet catalyst that contains the adamantylimido ligand
(1b, entry 8) is almost as successful as la, but two catalysts closely related to la and lb
(entries 9 and 10) gave no product; the reasons are not yet known. A run employing
10000 equivalents of methyl oleate at 20 atm of ethylene led to only ~10% conversion. It
was found that ethyl oleate (EO) can be easier purified (dried over activated molecular
sieves), due to the fact that EO undergoes hydrolysis to acid slower than methyl oleate
does.5 Using Mo(NAr)(C 3H6)(Me2Pyr)(OBitetMe) as the catalyst (OBitetMe is the
monophenoxide derived from (R)-3,3'-dibromo-5,5',6,6',7,7',8,8'-octahydro-1,1'-bi-2-
naphthol that is monoprotected with Me), ethenolysis of 15,000 equivalents of ethyl
oleate at 20 atm of ethylene (99.995%) was achieved with a TON of 7950 in 22 h.5
Tungstacyclobutane catalysts 2g (entries 11 and 12) produced results that were
inferior to molybdenum catalysts in yield, either at room temperature or at 50 'C,
although selectivity was still >99%. Since it is likely that the rate limiting step in
ethenolysis is loss of ethylene from an unsubstituted metallacyclobutane, one possible
reason why tungsten is slower than molybdenum is that tungstacyclobutanes release
ethylene more slowly than molybdacyclobutanes (see Chapter 4).2" Another possibility is
that the ester carbonyl binds to tungsten more strongly than it does to molybdenum and
inhibits turnover to a more significant degree.
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catalyst MeO2C CO2Me
CO2 Me C2H4  + CO2Me +
7 7 22 C
methyl oleate (MO) 1-decene (1D) methyl 9-decenoate (M9D) 7
Entry Catalyst Equiv of I P (atm) Time (h) %Conv.a %Select.b %Yieldc TONd
1 Mo(NAr)(CHCMe 2Ph)(Me 2pyr)(Bitet) (1a) 500 4 1 94 >99 94 470
2 1a 1000 4 20 80 >99 80 800
3 Ia 5000 4 15 or 48 58 >99 58 2900
4 Ia 5000 10 15 95 >99 95 4750
5 Mo(NAr)(CHCMe 2Ph)[OCMe(CF 3)2] 2  500 4 2 83 76 63 315
6 Mo(NAr)(CHCMe 2Ph)(Me 2pyr)(OTPP) 500 4 20 87 86 75 325
7 Mo(NAr)(CHCMe 2Ph)(Me 2pyr)(OSiPh3) (3) 500 4 1 86 92 79 395
8 Mo(NAd)(CHCMe 2Ph)(Me 2pyr)(OBitet) (Ib) 500 4 18 96 98 94 470
9 Mo(NAd)(CHCMe 2Ph)(pyr)(OHIPT) (2a) 50 4 1 0 0 0 0
10 Mo(NAd)(CHCMe 2Ph)(Me 2pyr)(OTPP) 50 4 1 0 0 0 0
11 W(NAr)(C 3H)(Me 2pyr)(OBitet) 500 4 17 48 >99 48 240
12 W(NAr)(C 3H6)(Me 2pyr)(OBitet) (50 OC) 500 4 18 62 >99 62 310
aConversion = 100 - [(final moles of MO)*100/(initial moles of MO)]. bSelectivity = (ID + M9D)*100/(moles of total
products). cYield = (1D or M9D)*100/(initial moles of MO). d TON = yield*[(moles of MO)/(moles of catalyst)].
TPP = 2,3,5,6-Ph4C6 H, HIPT = 2,6-(2,4,6-i-Pr3C6 H2)C6 H3
Table 1. Ethenolysis of methyl oleate.
Ethenolysis of 30000 equiv of cyclooctene to give 1,9-decadiene with la as the
catalyst proceeded with a TON of 22500 (75% yield) at 20 atm (Table 2). Initiation of
polymerization of cyclooctene with la is slow, so little la is consumed before it reacts
with ethylene to yield Mo(NAr)(CH2)(Me 2Pyr)(OBitet), and ethenolysis then proceeds
rapidly. At 1 atm of ethylene in an NMR scale reaction, poly(cyclooctene) can be
observed, but the amount of polymer decreases substantially upon addition of more
ethylene. Essentially the same result as shown in entry 5 was observed when commercial
99.995% ethylene was employed. Therefore impurities in ethylene do not appear to limit
TON. Using Mo(NAr)(C 3H6 )(Me 2Pyr)(OBitete) as the catalyst, ethenolysis of 100,000
equivalents of cyclooctene at 20 atm of ethylene (99.995%) was achieved with a TON of
54000 in 3 h.'
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1a
C2H4
22 0C
cyclooctene 1,9-decadiene
Entry Equiv P (atm) Time (h) %Conv. %Yield TON
1 5000 10 16 98 90 4500
2 10000 10 20 98 80 8000
3 10000 20 20 93 93 9300
4 20000 20 16 88 88 17600
5 30000 20 20 75 75 22500
Table 2. Ethenolysis of cyclooctene with 1a.
Ethenolysis of 5000 equivalents of cyclopentene at 20 atm of 99.5% ethylene
leads to 84% conversion to 1,6-heptadiene in 79% yield in 15 h (TON 3950) (Table 3,
entry 1). In a run employing 10000 equivalents of cyclopentene and 99.995% ethylene
the yield is 58% and TON 5800 in 20 h (entry 2). Using
Mo(NAr)(C 3H6 )(Me 2Pyr)(OBitete) as the catalyst, ethenolysis of 10,000 equivalents of
cyclopentene at 20 atm of ethylene (99.995%) was achieved with a TON of 9000 in 20
h.5 It should be noted that the cost of 1,6-heptadiene in small quantities from a typical
commercial source is approximately two orders of magnitude greater than the cost of
cyclopentene plus ethylene.
0
cyclopentene
Ia
C2H4
22 *C
1,6-heptadiene
Entry Equiv P (atm) Time (h) %Conv. %Yield TON
1 5000 20 15 84 79 3950
2 10000 20 20 84 58 5800
Table 3. Ethenolysis of cyclopentene with la.
5.2 Z-Selective Ethenolysis Reactions
We have reported that MonoAryloxide-Pyrrolide (MAP) complexes 1 and 2, or
their tungsten-based counterparts, can be especially efficient for enantioselective and/or
Z-selective olefin metathesis reactions.2 An important feature of these catalysts is the
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presence of a stereogenic metal center. Since the aryloxide in 1 is enantiomerically pure,
two diastereomers are formed, which nevertheless can lead to high enantioselectivity.2c,d,h
Z-selectivity (with both 1 and 2) can be ascribed to the presence of a large
monoaryloxide, especially in combination with a small imido group. ROMP reactions
with complexes analogous to 2 give polymers with a high degree of stereoselectivity
(>95%) as a consequence of the directed addition of the monomer trans to the pyrrolide
and inversion of the metal's chirality with each insertion of monomer. 2j,6
Many MAP catalysts can be unusually efficient, perhaps in part as a consequence
of methylidene species being relatively stable, yet highly reactive. It has been shown
through NMR studies that the unsubstituted molybdacyclobutane derived from la breaks
up to give an ethylene/methylidene intermediate ~4500 time faster than its tungsten
analog;2m therefore molybdenum catalysts tend to be relatively reactive compared to
tungsten catalysts. Long-lived, reactive methylidene species and lability of unsubstituted
molybdacyclobutane intermediates toward loss of ethylene lead to efficient ethenolysis of
methyl oleate (equation 1 and Table 1) at room temperature and 10 atm of ethylene,
21
selectively (>99%) and essentially completely to 1-decene and methyl-9-decenoate.
The reaction between ethylene and an internal olefin is the reverse of metathesis
coupling of two terminal olefins. Therefore, if coupling of two terminal olefins is Z-
selective, then ethenolysis may also be Z-selective, i.e., the same a,@ disubstituted
metallacyclobutane complex must be formed as an intermediate in the forward
homometathesis coupling reaction shown in equation 2 as in the reverse. The logical
conclusion is that it should be possible to design a catalyst that will catalyze the reaction
between ethylene and Z olefins much more rapidly than the reaction between ethylene
and E olefins. It should be noted that the olefins involved in the forward and reverse of
the reaction shown in equation 2 (R1CH=CH 2 and Z-R1CH=CHR1) add trans to the
pyrrolide ligand and the configuration at the metal inverts with each metathesis step.2m,2b
R R R1 /R1  R
I I~ C= CI
N R1 + R1 CH=CH2 R1 H , H (
Pyr,.M , I-% Pyr-M R'00..M=CH2 (2)
RO RCH=CH2 OR' R ,R1  Pyr
+ C=C
(S) (large) H H (R)
In order to test the proposal that Z olefins are ethenolyzed more readily than E
olefins, 0.4 mol% of la was added to a 1:4 mixture (essentially the thermodynamic
mixture) of 0.6 M benzene-d6 solution of Z-4-octene and E-4-octene and the vessel was
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pressurized with ethylene (4 atm). After 15 minutes, the reaction mixture was exposed to
air, filtered through alumina, and interrogated by 1H and 1C NMR spectroscopy and gas
chromatography. The reaction mixture contained 1-pentene and >99% trans-4-octene
(79%) (Table 4, entry 1). Ethenolysis of neat 4:1 E:Z mixture of 4-octene in the presence
of 0.1 mol% la and 4 atm of ethylene led to only 91% trans-4-octene (76%) along with
the ethenolysis byproducts (entry 2). Higher pressure (20 atm) of ethylene leads to an
increase in selectivity; 97% trans-4-octene (77% yield) is obtained after 1 h (entry 3). An
increase in the catalyst loading from 0.1 to 0.2 mol% of la led to a decrease in E content
(89% vs. 97%) (entry 4), whereas, a decrease in the catalyst loading (0.05 vs. 0.1 mol%)
led to an increase in E content (>99% vs. 97%) (entry 5). The catalyst loading can be
decreased even further to 0.02 mol% (200 ppm) of la (entry 6) to give >99% E-4-octene
(77%) after 18h at room temperature. These results suggest that the ethenolysis reaction
can be efficient, especially at 20 atm and low catalyst loadings.
x mol% 1a
4:1 E:Z C2H4
Entry Conc. (M) x P (atm) time %Yielda Final %E
1 0.6 0.4 4 15 min 79 >99
2 6.4 0.1 4 1 h 76 91
3 6.4 0.1 20 1 h 77 97
4 6.4 0.2 20 1 h 71 89
5 6.4 0.05 20 4 h 62 >99
6 6.4 0.02 20 18 h 77 >99
a Theoretical maximum = 80%.
Table 4. Z-Selective ethenolysis of a 4:1 E:Z mixture of 4-octene.
The relative rates of ethenolysis of Z-4-octene and E-4-octene employing catalyst
la have been measured under identical conditions (neat substrate, 20 atm of ethylene). A
total of seven and eleven individual runs allowed kobs to be measured for E-4-octene and
Z-4-octene, respectively. The ratio of the two suggested that kz= 27 kE. This result would
predict that in a 1:1 mixture of Z-4-octene and E-4-octene if 95% of Z-4-octene is
consumed, only 8% of E-4-octene would be consumed, which is consistent with the
results shown in Table 4.
Other examples of generation of pure E through ethenolysis of the minor Z
113
....................................................................................... .. ................ ::::::::::::::::::  .............  . .......   
Chapter 5
component of unsymmetric internal olefins are shown in Table 5. For example,
ethenolysis of a neat 1:4 E:Z mixture of 2-octene with 0.02 mol% la and ethylene (20
atm) led to >99% E-2-octene (20%) along with terminal olefins formed through
ethenolysis of Z-2-octene (entry 1). Ethenolysis of a 1:1 E:Z mixture of the vinyl ether 1-
ethoxy-1-butene with 2.5 mol% la and ethylene (4 atm) led to >99% E-1-ethoxy-1-
butene in 50% yield (entry 2). Ethenolysis of a 83:17 E:Z mixture of 5-decenylacetate
with 1 mol% la and ethylene (4 atm) leads to >99% E-5-decenylacetate (75%) after
removal of the terminal olefins formed through ethenolysis of Z-5-decenylacetate (entry
3). We propose that impurities (alcohol, aldehyde, or acid) limit the efficiency of the
reaction in the case of the substrates shown in entries 2 and 3. The yields that are
obtained suggest that little of the E olefin is ethenolyzed under the conditions employed.
x mol% 1a
C2H4
R' 22 C R R'
initial E:Z - R(CH 2)nCH=CH 2  final E:Z
Entry Substrate Initial E:Z x P (atm) time %Yield Final %E
1 0.25 0.02 20 18 h 20 >99
4
2 Et ".. OEt 1 2.5 4 2 h 50 >99
3 A4f 3 < OCOMe 5 1 4 15 min 75 >99
4
Table 5. Z-Selective ethenolysis of E- and Z-olefinic mixtures.7
The results in tables 4 and 5 suggest that it should be possible to prepare pure
symmetric E olefins from terminal olefins in a two step process. The first step consists of
homocoupling to give approximately a 4:1 E:Z mixture using
Mo(NAr)(CHCMe 2Ph)[OC(CF 3)2Me] 2 as the catalyst. The product mixture was then
passed through a short silica gel plug in order to remove any molybdenum species and
the eluant was subjected to Z-selective ethenolysis. Several examples are shown in Table
6.7 Aliphatic olefins, such as 1-octene, 1-decene, allylcyclohexane, and allylbenzene are
homocoupled in a two step process in 67-78% yield with E-selectivities of >99% (entries
1-4). Methyl- 1 0-undecenoate (entry 5) and ethyl-9-decenoate (entry 6) can be
homocoupled in a two step process in 56 and 66% yield, respectively, with E-selectivities
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of >99%. Z-selective ethenolysis of a 11:1 E:Z mixture of homocoupled product of allyl
benzyl ether leads to exclusive formation of the E-olefin in 85% isolated yield (entry 7).
x mol% 1a
C2H4
C6 D6, 22 0C, 15 min
- R(CH 2)nCH=CH 2
R hR
n
final E:Z
Entry R n Initial E:Z x P (atm) time %Yield Final %E
1 Me 5 4 0.5 20 4 h 67 >99
2 Me 7 4 2 4 15 min 77 >99
3 Cy 1 4 3 4 15 min 78 >99
4 Ph 1 4 0.5 20 5 h 67 >99
5 CO2Me 8 3 0.5 20 20 h 56 >99
6 CO2Et 7 2.4 0.5 20 4 h 66 >99
7 OBn 1 11 1 4 30 min 85 >99
Table 6. Z-Selective ethenolysis of E- and Z-olefinic mixtures derived from terminal
olefins.'
DISCUSSION
It currently is not known why Mo(NAr)(CH 2)(Me 2Pyr)(OBitet) methylene species
are relatively long-lived. Although the main mode of methylidene decomposition is
bimolecular coupling to give ethylene, some evidence in the literature suggests that
ethylene promotes rearrangement of a metallacyclobutane to an olefin in certain
circumstances.8 If the latter mode of decomposition is operating in the ethenolysis
reactions described here, further engineering of the catalyst may sterically prevent
formation of a six-coordinate ethylene adduct that leads to metallacycle rearrangement.
The results in Table 1 suggest that a key to high selectivity is relatively slow
productive metathesis to yield 1,1 8-dimethyl-9-octadecenoate and 9-octadecene (for
steric reasons), i.e., slow reaction between a substituted alkylidene and 1 -decene, methyl-
9-decenoate, or methyl oleate (the slowest) under the conditions employed. We have no
reason to expect that the turnover numbers have been maximized with la. The chirality
of the OBitet ligand seems unlikely to have much, if anything, to do with its efficiency as
an ethenolysis catalyst, since catalysts such as those shown in entries 6 and 7 are
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relatively successful. Hundreds or thousands of catalyst variations are possible, and the
fine tuning of all factors ultimately should lead to even more efficient catalysts for
ethenolysis.
Ethenolysis of methyl oleate by well-defined ruthenium catalysts has been studied
extensively. 3 Conversion to products at 10 atm of ethylene usually is incomplete and/or
unselective to 1-decene and methyl-9-decenoate, and no efficient reactions have been
reported at room temperature. In the most successful case reported here routinely purified
methyl oleate can be converted virtually completely to 1-decene and methyl-9-decenoate
at room temperature and 10 atm of ethylene.
Z-selective ethenolysis of E- and Z-olefinic mixtures leads to exclusive formation
of the enriched E-olefin along with ethenolysis byproducts. The separation of E-olefin
and generated terminal olefins is trivial, because these olefins have very different boiling
points; whereas, the separation of Z- and E-olefins is more difficult, because these olefins
have similar boiling points. The Z-selective ethenolysis of Z- and E-olefinic mixtures
developed here allows for exclusive formation of E-olefins. Better selectivity is observed
at higher pressure of ethylene. An increase in the catalyst loading led to a decrease in E
content, and this can be explained by the back reaction, which is the homocoupling of 1-
pentene, to generate cis-4-octene once the ethylene is released.
Pure symmetric E olefins can be prepared from terminal olefins in a two step
process. The first step consists of a nonselective homocoupling using
Mo(NAr)(CHCMe 2Ph)[OC(CF 3)2Me]2 as the catalyst, to give a mixture of E- and Z-
olefins. This mixture was subjected to Z-selective ethenolysis and led to exclusive
formation of the E-olefin in good yield along with ethenolysis byproducts.
In recent NMR studies the first order rate of conversion of a Mo(CH 2CH2CH 2)
species to a Mo(CH 2)(CH 2CH 2) intermediate was found to be 14,500 s1 in the case of
Mo(NAr)(C 3H6 )(OBr2Bitet)(Me2Pyr) at 20 'C in toluene-ds, while the rate constant for
that conversion in the case of Mo(NAr)(C 3H6)(OHIPT)(Pyr) at 20 'C in toluene-ds was
found to be 1.8 s-1.2m (In each case Keq ~0.3 for metallacycle formation.) Differences in
the rate of ring-opening of the metallacyclobutane of this magnitude (~8000) could
account for the failure of OHIPT catalysts to be successful for Z-selective ethenolysis.
The relatively high stability of tungsten metallacyclobutane complexes toward
loss of ethylene limit the effectiveness of tungsten-based catalysts for ethenolysis. In the
case of W(NAr)(C 3H6)(OBr 2Bitet)(Me2Pyr) the intermediate W(CH 2)(CH 2CH 2) complex
forms with kf = 3.2 s- and kr = 69 s-1, with Keq ~ 20 for formation of the
metallacyclobutane. 29 Therefore at this stage molybdenum catalysts appear to be
preferred versus tungsten catalysts for ethenolysis, as long as the metallacyclobutane is
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relatively labile. The reason why unsubstituted metallacyclobutanes of OHIPT species
are so much more stable toward loss of ethylene than OBr2Bitet species we propose is a
consequence of the sterically uncompromising nature of the OHIPT ligand relative to the
"dysymmetric" nature of the OBr 2Bitet ligand.
CONCLUSIONS
MonoAryloxide-Pyrrolide (MAP) olefin metathesis catalysts of molybdenum that
contain a chiral bitetralin-based aryloxide ligand are efficient for ethenolysis of methyl
oleate, cyclooctene, and cyclopentene. Ethenolysis of 5000 equivalents of methyl oleate
produced 1-decene (iD) and methyl-9-decenoate (M9D) with a selectivity of >99%,
yields up to 95%, and a TON (turnover number) of 4750 in 15 hours. Tungstacyclobutane
catalysts gave yields approximately half those of molybdenum catalysts, either at room
temperature or at 50 'C, although selectivity was still >99%. Ethenolysis of 30000 equiv
of cyclooctene to 1,9-decadiene could be carried out with a TON of 22500 at 20 atm
(75% yield), while ethenolysis of 10000 equiv of cyclopentene to 1,6-heptadiene could be
carried out with a TON of 5800 at 20 atm (58% yield).
Some MonoAryloxide-Pyrrolide (MAP) olefin metathesis catalysts of
molybdenum that are Z selective for the homocoupling of terminal olefins can be
employed for the selective ethenolysis of Z internal olefins in the presence of E internal
olefins in minutes at 22 'C and 10-20 atm of ethylene. Therefore it is possible to
selectively destroy the Z component in an E:Z mixture, remove the low molecular weight
ethenolysis products, and isolate the pure E component. The catalyst loading can be
decreased to 200 ppm. Exclusively E olefins can be obtained from terminal olefins in a
two step process: the first step consists of a nonselective homocoupling to give
approximately a 4:1 E:Z; while the second step consists of Z-selective ethenolysis of the
olefinic mixture to generate pure E-olefin. Several functional groups can be tolerated,
such as ethers and esters.
EXPERIMENTAL
General. All manipulations of air and moisture sensitive materials were
conducted under a nitrogen atmosphere in a Vacuum Atmospheres drybox or on a dual-
manifold Schlenk line. The glassware, including NMR tubes were oven-dried prior to
use. Ether, pentane, toluene, dichloromethane, toluene and benzene were degassed with
dinitrogen and passed through activated alumina columns and stored over 4 A Linde-type
molecular sieves. Dimethoxyethane, cyclooctene, and cyclopentene were vacuum
distilled from a dark purple solution of sodium benzophenone ketyl, and degassed three
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times by freeze-pump-thaw technique. The deuterated solvents were dried over 4 A
Linde-type molecular sieves prior to use. 1H, 13C spectra were acquired at room
temperature unless otherwise noted using Varian spectrometers and referenced to the
residual 'H/13C resonances of the deuterated solvent ('H: CDCl 3, 6 7.26; C6D6 , 6 7.16;
CD 2Cl2 , 8 5.32; C7D8, 6 7.09, 7.00, 6.98, 2.09. "C: CDCl 3, 8 77.23; C6D6 , 6 128.39;
CD 2Cl 2, 6 54.00; C7D8, 8 137.86, 129.24, 128.33, 125.49, 20.4) and are reported as parts
per million relative to tetramethylsilane. The high pressure vessel equipped with a
pressure gauge was purchased from Parr Instrument Company, Moline, Illinois.
General Ethenolysis Procedure. Ethenolysis reactions were set up under an inert
atmosphere in a glovebox: a Fisher-Porter bottle or a high pressure vessel equipped with
a stir bar was charged with the appropriate amount of olefin (methyl oleate, cyclooctene,
or cyclopentene) and with a mesitylene solution of the olefin metathesis catalyst of the
desired concentration and volume. The mesitylene was used as internal standard. The
head of the Fisher-Porter bottle equipped with a pressure gauge was adapted on the
bottle. The system was sealed and taken out of the glovebox to an ethylene line. The
vessel was then pressurized to the desired pressure. The reaction mixture was stirred at
room temperature overnight. The reactions were then quenched with 10 [tL of 2-bromo-
benzaldehyde and analyzed by gas chromatography (GC). Benzene was used as solvent
for the ethenolysis reactions with 50 and 500 equiv of substrate. All the other runs were
performed neat. For each entry, two identical reactions were performed and the data were
averaged.
GC Analytical Method for Methyl Oleate. The GC analyses were run using a
flame ionization detector (FID). Column: Rtx-1 from Restek; 30 m x 0.25 mm (i.d.) x
1.0 tm film thickness. GC and column conditions: injector temperature 250 'C; detector
temperature 250 'C; oven temperature, starting temperature 100 'C, hold 5 min, ramp
rate 10 'C/min to 200 'C, hold time 0 min; ramp rate 50 'C/min to 300 'C, hold time 8
min; carrier gas nitrogen.
GC Analytical Method for Cyclooctene and Cyclopentene. The GC analyses were
run using a flame ionization detector (FID). Column: HP-5 (Crosslinked 5% PH ME
Siloxane); 30 m x 0.32 mm (i.d.) x 0.25 Itm film thickness. GC and column conditions:
injector temperature 350 0C; detector temperature 350 0C; oven temperature 50 'C;
carrier gas nitrogen.
Mo(NAr)(CHCMe 2Ph)(Me2Pyr)2, "c Mo(NAr)(CHCMe 2Ph)[OCMe(CF 3)2] 2,9
Mo(NAr)(CHCMe 2Ph)(Me2Pyr)(OTPP),2k Mo(NAr)(CHCMe 2Ph)(Me2Pyr)(OBitet)
(la),2 c Mo(NAd)(CHCMe 2Ph)(Me2Pyr)(OBitet) (1b),2 f
Mo(NAd)(CHCMe 2Ph)(Me 2Pyr)(OTPP), 2i Mo(NAd)(CHCMe 2Ph)(pyr)(HIPTO)
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(2a), 2j and W(NAr)(C 3H6)(Me 2Pyr)(OBitet)2 g were prepared as described in the
literature.
Mo(NAr)(CHCMe 2Ph)(2,5-Me2NC 4H2)(OSiPh 3) (3). A cold solution of
Ph 3SiOH (149 mg, 0.54 mmol, 1 equiv) in 5 mL diethylether was added dropwise to a
cold solution of Mo(NAr)(CHCMe 2Ph)(2,5-Me 2NC4H2)2 (319 mg, 0.54 mmol, 1 equiv)
in 5 mL diethylether. The reaction mixture was stirred at room temperature for 30 min.
The volatile materials were removed under vacuum. The orange solid generated was
recrystallized from diethylether to obtain 259 mg of orange crystals (yield = 62%). 'H
NMR (500 MHz, CD 2 Cl 2) 6 11.85 (s, 1H, syn Mo=CH, JCH = 120.4 Hz), 7.54-7.08 (m,
23H, Ar), 5.79 (s, 2H, NC 4H2), 3.72 (sept, 2H, MeCHMe, J= 7.0 Hz), 2.11 (s, 6H, CH 3),
1.62 (s, 3H, CH 3), 1.52 (s, 3H, CH 3), 1.06 (app d, 6H, MeCHMe), 0.96 (br, 6H,
MeCHMe); 1C NMR (125 MHz, CD 2Cl 2) 8 286.7, 153.4, 148.6, 147.5, 136.4, 135.7,
135.5, 130.6, 130.4, 128.6, 128.4, 126.5, 126.3, 123.5, 109.7, 108.9, 108.1, 54.9, 31.9,
30.6, 30.4, 29.1, 23.8 (br), 17.3 (br). Anal. Caled for C46H52MoN 2OSi: C, 71.48; H, 6.78;
N, 3.62; Found: C, 71.44; H, 6.69; N, 3.75.
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INTRODUCTION
In the last several years Mo and W imido alkylidene complexes that have the
formula M(NR)(CHR')(OR")(Pyr), where Pyr is a pyrrolide or a substituted pyrrolide and
OR" usually is an aryloxide, have been prepared and explored.' These
MonoAlkoxidePyrrolide (MAP) species have many new features of fundamental interest,
one of the most important being a stereogenic metal center.2 Ring-opening cross-
metatheses with 1 were found to be highly Z-selective (as well as enantioselective); the
reason is that a "large" aryloxide in combination with a relatively "small" (adamantyl)
imido ligand prevents formation of a TBP metallacyclobutane intermediate in which a
metallacycle substituent points toward the axial aryloxide (away from the axial imido
ligand) (equation 1).3 ROMP of substituted norbornadienes with 2 as an initiator led to
>99% cis and >99% syndiotactic polymers4 while 3 promoted homocoupling of neat
terminal olefins to Z olefins at 80-120 oC.
2 3
R = Me or i-Pr R' = CI, Me, or i-Pr
R
N R1R
Pyr-M&
OR'
(large)
R1  R1i
- C=C
H H
R, R1
+ C=C
H H
N
R'O,.lM=CH2 (1)
Pyr
(R)
Since tungsten appears to be superior to molybdenum for Z-selective
homocoupling with compounds of type 3,5 it would be desirable to employ an imido
group smaller than those shown in 3 in order to increase the rate of homocoupling and
perhaps at the same time increase the efficiency for forming Z product. We turned to the
synthesis of 3,5-dimethylphenyl imido complexes of tungsten since adamantylimido
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complexes of tungsten are unknown6 and since 3,5-dimethylphenylimido alkylidene
complexes of molybdenum have been prepared.7
RESULTS
6.1 Syntheses and Structural Studies of Tungsten MAP Species
We found that W(NAr")(CHCMe 2Ph)(OTf) 2(dme) (Ar" = 3,5-dimethylphenyl)
can be prepared using a procedure analogous to that employed for similar tungsten
species, as shown in Scheme 1. Since W(NAr")2Cl2(dme) (4) was obtained only as a red
oil it was used in the next step without purification. W(NAr") 2(CH 2CMe2Ph)2 (5) was
obtained as a yellow solid in an overall yield of 30% and converted to
W(NAr")(CHCMe 2Ph)(OTf)2(dme) (6) in 67% yield.
Ar"NH 2 (2 equiv) CIMgCH 2CMe 2Ph (2 equiv)
WO2Cl2  aW(NAr")2Cl 2(dme) sNEt3 (4 equiv) Et20, -35 to 20 *C
Me3SiCI (10 equiv) 4
dine, 20 *C, 3 h (30% yield for 2 steps)
TfOH (3 equiv)
W(NAr") 2(CH2CMe 2Ph)2  W W(NAr")(CHCMe 2Ph)(OTf)2(dme)
Et20, dne
-35to20*C 6
(67% yield) NAr" = 3,5-Me 2C6 H3N
Scheme 1. The synthesis of W(NAr")(CHCMe 2Ph)(OTf)2(dme) (6).
A variety of bispyrrolide species (7a,b,c) could be prepared from 6, as shown in
Scheme 2. Tungsten MAP species (8a and 8b) are generated in good yields, while two
species of type 8 were turned into the more crystalline and readily isolated
metallacyclobutane complexes (9) by exposing a solution of 8 to an ethylene atmosphere.
2 Lipyr ROH
6 P W(NAr")(CHCMe 2Ph)(pyr)2  -toluene benzene
-35 to 20 *C
pyr = NC4 H4 (7a), 2,5-Me2NC4H2 (7b), 2-MesNC4H3 (7c)
excess
W(NAr")(CHCMe 2Ph)(pyr)(OR) (8) - o W(NAr")(C 3H6)(pyr)(OR) (9)
ethylene
pyr = 2,5-Me 2NC4H2; OR = OHIPT (8a) pyr = NC4 H4; OR = OHIPT (9a)
pyr = 2,5-Me 2NC4H2; OR = OTPP (8b) pyr = 2-MesNC 4H3; OR = OTPP (9b)
HIPTOH = 2,6-(2,4,6-i-Pr3C6H2)C6 H3OH; TPPOH = 2,3,5,6-Ph4C6 HOH
Scheme 2. The synthesis of MAP species.
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X-ray structural studies of 9a (Figure 1) and 9b (Figure 2) show each to have the
expected TBP geometry with the imido and aryloxide ligands in apical positions. Bond
distances and angles are similar to those found for W(NAr)(C3H6)(pyr)(OHIPT) (Ar =
2,6-i-Pr2C6H 3).4 a The W-0-Cipso angle is relatively large (160.80(13)0) in 9a, consistent
with significant steric demands for the HIPTO ligand. The W-0-Cipso angle in 9b is
slightly smaller (157.73(14)'), as one might expect for the less sterically demanding
OTPP ligand. In the solid state, the 3,5-dimethylphenyl and mesityl rings in 9b show an
interdigitated n-stacking; the C(61) C(81) distance is 3.405 A and the W(1)-N(2)-C(61)
angle (164.32(16)0) is reduced from what it is in 9a (176.83(16)0) in response to the a-
stacking interaction.
Figure 1. Thermal ellipsoid drawing of 9a. Ellipsoids are displayed at 50% probability
level. Hydrogen atoms are omitted. Selected distances (A) and angles (deg): W(1)-N(1)
1.7617(18) A, W(1)-N(2) = 2.0536(16) A, W(1)-O(1) = 1.9713(13) A, W(1)-C(81) =
2.0697(19) A, W(1)-C(82) = 2.353(2) A, W(l)-C(83) = 2.0428(19) A, W(1)-N(1)-
C(51) = 176.83(16)0, W(l)-O(1)-C(1) = 160.80(13)0, N(1)-W(1)-C(81) = 91.28(8)0,
N(1)-W(1)-C(83) = 94.32(8)0, C(81)-W(1)-C(83) = 83.91(8) .
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Figure 2. Thermal ellipsoid drawing of 9b. Ellipsoids are displayed at 50% probability
level. Hydrogen atoms are omitted. Selected distances (A) and angles (deg): W(1)-N(1) =
2.0540(18) A, W(1)-N(2) = 1.7571(19) A, W(1)-O(1) = 1.9797(14) A, W(1)-C(1) =
2.049(2) A, W(1)-C(3) = 2.077(2) A, C(61)-C(81) = 3.405 A, W(1)-N(2)-C(61) =
164.32(16)0, N(2)-W(1)-O(1) = 173.29(7)0, W(1)-O(1)-C(1 1) = 157.73(14)0.
6.2 Z-Selective Homocoupling of a-Olefins
Results for the homocoupling of 1-hexene in benzene are shown in Table 1.
W(NAr")(C 3H6)(pyr)(OHIPT) (9a) catalyzes the homocoupling of 1-hexene to >99% Z-
5-decene at room temperature (entry 1). (Reactions were monitored until no further
change was observed.) When 8a was employed (entry 2), a slight decrease in the Z
content was observed. Conversion is limited by bimolecular decomposition of
intermediate methylidene species to give an ethylene complex, a type of reaction that has
been documented in other circumstances.8 For example, treatment of a sample of 8a with
ethylene leads to formation of W(NAr")(CH 2)(2,5-Me2pyr)(OHIPT) (10), according to
proton NMR spectra. Crystals of the metallacyclopentane species, W(NAr")(C 4H8)(2,5-
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Me2pyr)(OHIPT) (11) were isolated from an NMR sample of 10 after standing the
sample for two months at -35 'C (Figure 3). An X-ray structural study shows 11 to be
approximately a square pyramid with the imido group in the apical position; this stucture
is analogous to that of a related tungstacyclopentane complex in the literature.9 Facile
bimolecular decomposition is likely to be a consequence of the relatively small size of the
3,5-dimethylimido group. There is little to no Z-selectivity for the homocoupling of 1-
hexene with 9b at room temperature (entry 3) or at 0 'C (entry 4) as a consequence of a
lower steric demand of the OTPP ligand compared to the OHIPT ligand.
4 mol% catalyst
2 C61D6, 0.66 M
22 0C
Entry Catalyst time %conv. %Z
1 W(3,5-Me 2C6 H3N)(pyr)(OHIPT)(C 3H6 ) (9a) 16 h 32 >99
2 W(3,5-Me2C6H3N)(2,5-Me2pyr)(OHIPT)(CHCMe 2Ph) (8a) 3 d 48 94
3 W(3,5-Me 2C6H3N)(2-Mespyr)(OTPP)(C 3H6 ) (9b) 2 h 54 20
4 W(3,5-Me2C6H3N)(2-Mespyr)(OTPP)(C 3H6 ) (9b), 0 'C 24 h 40 -30
Table 1. Catalyst screening for the homocoupling of 1-hexene.
Speed and conversion of homocoupling can be improved by performing the
reaction in neat substrate (Table 2). 1-Hexene, 1-octene, and methyl-10-undecenoate are
homocoupled in 45-89% yield with Z-selectivities of >99%. We propose that the
substrates listed in entries 4, 5, and 6 yield product with a lower Z content as a
consequence of the greater steric hindrance that is required in the c,@ disubstituted
molybdacyclobutane intermediates. All homocouplings performed at elevated
temperatures led to relatively low yields of product as a consequence of catalyst
decomposition.
Resistance of the Z double bond in the homocoupled products toward
isomerization to E for the first three substrates in Table 2 suggests that it should be
possible to homocouple terminal olefins in the presence of an internal E C=C bond. This
is shown to be the case for the substrate shown in equation 1; the triolefin product is
obtained in 60% yield (eq 2) as a single E,Z,E isomer. Formation of high % Z
homocoupled products in the presence of E olefins elsewhere in the molecule, has never
been observed, to the best of our knowledge.
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Figure 3. Thermal ellipsoid drawing of W(3,5-Me 2C6H3N)(2,5-Me 2pyr)(OHIPT)(C 4Hs)
(11). Selected distances (A) and angles (deg): W(1)-N(2) = 1.7571(19) A, W(1)-N(1) =
2.0540(17) A, W(1)-O(1) = 1.9796(14) A, W(1)-C(1) = 2.048(2) A, W(1)-C(2) =
2.359(3) A, W(1)-C(3) = 2.076(2) A, W(1)-N(2)-C(61) = 164.33(16)0, W(1)-O(1)-
C( 1) = 157.73(14)0, N(1)-W(1)-C(1) = 131.10(9)0, N(1)-W(1)-C(3) = 144.95(9)0,
C(1)-W(1)-C(3) = 83.26(10) .
2 R
(neat)
2 mol% cat
22 *C
Entry n R time %conv. %cis
1 3 Me 4 h 74 >99
2 5 Me 4 d 89 >99
3 8 CO2Me 2 d 45 >99
4 1 Ph 24h 35 97
5 1 SiMe 3  4 h 45 81
6 1 B 2.5 h 61 92
Table 2. Z-Selective homocoupling of various terminal olefins in the presence of 9a.
2 mol% 9a
0- (2)
4 22 C, 8 h 4
60% yield; >99% cis
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CONCLUSIONS
It is clear that the success of highly Z selective homocoupling depends upon the
juxtaposition of a "large" aryloxide and a "small" imido group in the intermediate
metallacyclobutane, and no secondary isomerization of Z to E. Activity and Z efficiency
are high when the 3,5-Me2C6H3N/OHIPT combination is employed, but at the expense of
catalyst stability. In general, we expect that catalysts will have to be finely tuned even
further in order to optimize the yield and Z-selectivity for a given substrate.
EXPERIMENTAL
General. All manipulations of air and moisture sensitive materials were
conducted under a nitrogen atmosphere in a Vacuum Atmospheres drybox or on a dual-
manifold Schlenk line. Glassware, including NMR tubes, were oven-dried prior to use.
Ether, pentane, toluene, dichloromethane, toluene and benzene were degassed with
dinitrogen and passed through activated alumina columns and stored over 4 A Linde-type
molecular sieves. Dimethoxyethane was vacuum distilled from a dark purple solution of
sodium benzophenone ketyl, and degassed three times by freeze-pump-thaw technique.
Deuterated solvents were dried over 4 A Linde-type molecular sieves prior to use. Proton
and carbon NMR spectra were acquired at room temperature (unless otherwise noted)
using Varian spectrometers and referenced to the residual 1H/13 C resonances of the
deuterated solvent (1H: CDCl 3, 6 7.26; C6D6, 6 7.16; CD 2Cl 2, 8 5.32; C7D8, 6 7.09, 7.00,
6.98, 2.09. 1C: CDCl 3, 8 77.23; C6D6, 8 128.39; CD 2Cl 2, 6 54.00; C7D8 , 6 137.86,
129.24, 128.33, 125.49, 20.4) and are reported as parts per million relative to
tetramethylsilane. Elemental analyses were performed by Midwest Microlab,
Indianapolis, Indiana.
W(3,5-Me 2CH 3N) 2C 2(dme) (4). 3,5-Me 2C6H3NH 2 (7.34 mL, 58.8 mmol) was
added via syringe to a suspension of W0 2Cl 2 (8.430 g, 29.4 mmol) in dimethoxyethane
(150 mL). Triethylamine (16.4 mL, 117.6 mmol, 4 equiv) and chlorotrimethylsilane
(37.32 mL, 294 mmol) were added via syringe. The solution became deep red. The
reaction mixture was stirred at room temperature overnight. Copius amounts of salts were
formed. The deep red mixture was filtered through Celite and the salts were washed with
toluene and dimethoxyethane. The solvents were removed from the filtrate under vacuum
to leave a red oil, which was used in the next step without purification.
W(3,5-Me 2C6 H3N) 2(CH 2CMe2Ph)2 (5). A 0.5 M diethyl ether solution of
ClMgCH 2CMe2Ph (117.6 mL, 58.8 mmol) was added dropwise to a -35 'C solution of
W(3,5-Me 2C6H3N)2C12(dme) (29.4 mmol) in diethyl ether (100 ml). The reaction mixture
was stirred overnight at room temperature. The volatiles were removed from the dark
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yellow solution under vacuum. The dialkyl species was extracted with THF (100 mL),
the THF was filtered through Celite, and the solvent was removed from the filtrate under
vacuum. The compound was washed with minimalether to generate a yellow solid, which
can be recrystallized further from THF to obtain 5.35 g of yellow crystals (yield over two
steps = 27%): 'H NMR (500 MHz, C6 D6 ) 6 7.39 (d, 4H, Ar, J= 7.5 Hz), 7.24-7.05 (in,
1OH, Ar), 6.51 (s, 2H, Ar), 2.08 (s, 12H, Me), 1.62 (s, 12H, Me), 1.37 (s, 4H, CH2 ); "C
NMR (125 MHz, C6D6 ) 6 153.6, 137.3, 128.8, 127.4, 126.6, 125.7, 96.7, 44.2, 35.3, 21.7.
Anal. Calcd for C3 6H4 4N2W: C, 62.79; H, 6.44; N, 4.07. Found: C, 62.40; H, 6.43; N,
4.08.
W(3,5-Me 2C6H3N)(OTf) 2(CHCMe2Ph)(dme) (6). Triflic acid (2.80 g, 18.7
mmol, 3 equiv) was added dropwise to a -35 'C solution of W(3,5-
Me2C6H3N)2(CH 2CMe2Ph)2 (4.29 g, 6.2 mmol, 1 equiv) in diethyl ether (200 mL). The
reaction mixture was stirred overnight at room temperature. The volatiles were removed
from the orange solution under vacuum. The bistriflate species was extracted with
benzene (100 mL), the mixture was filtered through Celite, and the solvents were
removed from the filtrate in vacuo. Pentane (10 mL) was added and the yellow solid that
formed was filtered off and washed with pentane; yield 3.44 g (67%) of pale yellow
solid. The compound is obtained as a mixture of cis and trans isomers: 'H NMR (500
MHz, C6D6 ) cis-6 6 11.91 (s, 1H, syn-W=CH, JCH = 122.8 Hz), 7.42 (d, 2H, Ar, J= 7.5
Hz), 7.11 (t, 2H, Ar, J= 7.5 Hz), 7.05 (s, 2H, Ar), 6.95 (t, 1H, Ar, J= 7.5 Hz), 3.15 (s,
3H, OMe), 3.10 (s, 3H, OMe), 2.87-2.79 (in, 1H, OCH 2), 2.22-2.15 (in, 1H, OCH 2), 2.08
(s, 3H, Me), 2.03 (s, 6H, Me), 1.61 (s, 3H, Me); I H NMR (500 MHz, C6 D6) trans-6 6
10.76 (s, 1H, syn-W=CH, JCH 1 16.8 Hz), 7.59 (s, 2H, Ar), 7.52 (d, 2H, Ar, J= 7.5 Hz),
7.26 (t, 2H, Ar, J = 7.5 Hz), 7.03 (t, 2H, Ar, J = 7.5 Hz), 6.53 (s, 1H, Ar), 3.09 (s, 3H,
OMe), 3.04 (s, 3H, OMe), 3.05 (t, 2H, OCH 2, J= 5.0 Hz), 2.62 (t, 2H, OCH 2, J= 5.0 Hz),
2.01 (s, 6H, Me), 1.98 (s, 6H, Me); 13C NMR (125 MHz, C6 D6 ) 6 288.0, 154.7, 153.4,
139.1, 131.4, 129.0, 128.7, 126.9, 126.8, 124.1, 121.6, 119.0, 116.5, 74.4, 70.2, 64.8,
64.4, 63.3, 63.2, 55.0, 34.1, 33.7, 21.7, 21.3; 19F (282 MHz, C6D6) cis-6 6
-76.71; 19F (282 MHz, C6D6) trans-6 6 -76.21, -77.64. Anal. Calcd for
C24H3 1F6NO8S2W: C, 35.01; H, 3.79; N, 1.70. Found: C, 34.66; H, 3.69; N, 1.46.
W(3,5-Me 2C6H3N)(CHCMe 2Ph)(NC 4H4)2(dme) (7a). Solid lithium pyrrolide
(64.0 mg, 0.8 mmol, 2 equiv) was added portionwise to a -35 'C solution of W(3,5-
Me2C6H3N)(OTf)2(CHCMe 2Ph)(dme) (361 mg, 0.4 mmol, 1 equiv) in toluene (20 mL).
The reaction mixture was stirred at room temperature for 3 hours. The solution became
dark brown. The reaction mixture was filtered through Celite and the volatiles were
removed from the filtrate in vacuo. Pentane was added to the brown residue and the
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yellow-brown solid was collected on a medium porosity frit and washed with pentane;
yield 105 mg (36%): 'H NMR (500 MHz, C6D6 ) 6 10.33 (s, lH, syn-W=CH, JCH 14.0
Hz), 7.48 (d, 2H, Ar, J= 7.5 Hz), 7.23 (t, 2H, Ar, J= 7.5 Hz), 7.10 (br, 4H, NC4H 4), 7.05
(t, 1H, Ar, J= 7.5 Hz), 7.01 (br, 2H, Ar), 6.72 (br, 4H, NC4H4), 6.49 (s, 1H, Ar), 2.99 (s,
6H, OMe), 2.24 (s, 4H, OCH 2), 1.90 (s, 6H, Me), 1.84 (s, 6H, Me); "C NMR (125 MHz,
C6 D6 ) 6 325.8, 139.0, 133.5, 129.3, 128.7, 127.2, 126.3, 124.6, 109.0, 71.6, 62.1, 54.1,
21.5. Anal. Calcd for C30H39N30 2W: C, 54.80; H, 5.98; N, 6.39. Found: 54.64; H, 5.94;
N, 6.10.
W(3,5-Me 2C6H 3N)(CHCMe2Ph)(2,5-Me2NC 4H2)2 (7b). Solid 2,5-Me 2NC 4H2Li
(132.6 mg, 1.3 mmol, 2 equiv) was added portionwise to a -35 'C solution of W(3,5-
Me2C6H3N)(OTf)2(CHCMe2Ph)(dme) (540.2 g, 0.7 mmol, 1 equiv) in toluene (20 mL).
The reaction mixture was stirred overnight at room temperature. The solution became
dark yellow. The reaction mixture was filtered through Celite. The volatiles were
removed from the filtrate in vacuo. Pentane was added and the yellow solid obtained was
collected on a medium porosity frit and washed with pentane (355.8 mg, yield = 87%):
'H NMR (500 MHz, C6D6 ) 6 10.65 (s, 1H, syn-W=CH, JCH = 125.7 Hz), 7.37 (d, 2H, Ar,
J= 8.0 Hz), 7.12 (t, 2H, Ar, J= 8.0 Hz), 7.00 (t, 1H, Ar, J = 8.0 Hz), 6.66 (s, 2H, Ar),
6.55 (s, 1H, Ar), 5.95 (br, 4H, NC4H2), 2.19 (s, 12H, Me), 2.03 (s, 6H, Me), 1.68 (s, 6H,
Me); '3 C NMR (125 MHz, C6D6) 6 278.4, 156.6, 152.4, 140.4 (br), 138.6, 128.7, 127.4,
126.0, 124.3, 107.1 (br), 55.4, 33.8, 21.6, 18.4. Anal. Calcd for C3 0H3 7N3W: C, 57.79; H,
5.98; N, 6.74. Found: C, 57.48; H, 5.86; N, 6.61.
W(3,5-Me2C6H3N)(CHCMe 2Ph)(2-MesNC 4H3)2 (7c). Solid 2-MesNC4H3Na
(356.2 mg, 1.719 mmol, 2 equiv) was added portionwise to a -35 'C solution of W(3,5-
Me2C6H3N)(OTf) 2(CHCMe 2Ph)(dme) (708 mg, 0.860 mmol, 1 equiv) in toluene (20
mL). The reaction mixture was stirred at room temperature for 3 hours. The reaction
mixture was filtered through Celite. The volatiles were removed filtrate in vacuo. Diethyl
ether was added and the yellow solid was collected on a medium porosity frit and washed
with ether; yield 445 mg (65%): 'H NMR (500 MHz, C6D6) 6 7.61 (s, 1H, syn-W=CH,
JCH = 111.7 Hz, JwH = 15.4 Hz), 7.36 (d, 2H, Ar, J= 7.6 Hz), 7.12 (t, 2H, Ar, J= 7.6 Hz),
7.05 (d, 2H, Ar, J= 1.6 Hz), 7.00 (t, 1H, Ar, J= 7.6 Hz), 6.81 (s, 2H, Ar), 6.62 (s, 2H,
Ar), 6.53 (s, 1H, Ar), 6.46 (t, 2H, Ar, J= 2.9 Hz), 6.43 (s, 2H, Ar), 6.16 (s, 2H, Ar, J= 1.6
Hz), 2.13 (s, 6H, Me), 2.01 (s, 6H, Me), 1.98 (s, 12H, Me), 1.47 (s, 6H, Me); 13 C NMR
(125 MHz, C6D6) 6 262.4, 156.9, 151.1, 140.9, 140.4, 139.7, 138.3,137.6, 134.3, 133.5,
129.2, 129.0, 128.9, 128.8, 127.0, 126.5, 124.5, 113.5, 113.4, 111.7, 53.7, 33.5, 21.6,
21.3. Anal. Calcd for C4 4H4 9N3W: C, 65.75; H, 6.15; N, 5.23. Found: C, 65.57; H, 5.93;
N, 5.12.
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W(3,5-Me2C 6H3N)(CHCMe 2Ph)(2,5-Me 2NC 4H2)(OHIPT) (8a). A J-Young
NMR tube was charged with a solution of W(3,5-Me 2C6H3N)(CHCMe 2Ph)(2,5-
Me2NC 4H2)2 (127 mg, 0.203 mmol) and HIPTOH (101 mg, 0.203 mmol) in a total of 1.0
mL C6D6. The NMR tube was heated at 80 'C overnight for total consumption of starting
material. Formation of W(3,5-Me 2C6H3N)(CHCMe 2Ph)(2,5-Me2NC4H2)(OHIPT) was
observed by 'H NMR spectroscopy. The volatiles were removed in vacuo and the residue
was recrystallized from pentane; yield 150 mg of yellow crystals (72%): 'H NMR (500
MHz, C6D6 ) 6 9.53 (s, 1H, syn-W=CH, JCH = 19.9 Hz, JwH = 16.0 Hz), 7.25 (d, 2H, Ar,
J= 7.6 Hz), 7.18 (s, 2H, Ar), 7.14 (s, 3H, Ar), 7.07 (t, 2H, Ar, J= 7.6 Hz), 6.99 (d, 2H,
Ar, J= 7.6 Hz), 6.94 (t, 1H, Ar, J = 7.6 Hz), 6.57 (s, 2H, Ar), 6.47 (s, 1H, Ar), 5.97 (s,
2H, NC4H2), 3.05 (sept, 2H, MeCHMe, J= 6.8 Hz), 2.96 (sept, 2H, MeCHMe, J= 6.8
Hz), 2.84 (sept, 2H, MeCHMe, J= 6.8 Hz), 1.98 (s, 6H, Me), 1.91 (s, 6H, Me), 1.55 (s,
3H, Me), 1.34 (s, 3H, Me), 1.30 (d, 6H, MeCHMe, J= 6.8 Hz), 1.24 (t, 12H, MeCHMe, J
= 6.8 Hz), 1.17 (d, 6H, MeCHMe, J= 6.8 Hz), 1.12 (d, 12H, MeCHMe, J= 6.8 Hz); 13C
NMR (125 MHz, C6D6 ) 8 262.9, 159,1, 156.9, 152.3, 148.8, 147.4, 138.0, 137.2, 134.5,
132.5, 132.4, 127.2, 126.2, 125.1, 122.7, 122.1, 121.9, 110.4, 53.7, 35.1, 24.5 (br), 21.5
(br), 18.5 (br). Anal. Calcd for C60H7 8N2 0W: C, 70.16; H, 7.65; N, 2.73. Found: C,
70.26; H, 7.53; N, 2.72.
W(3,5-Me 2C6H3N)(CHCMe 2Ph)(2,5-Me 2NC 4H2)(OTPP) (8b). A 20 mL vial
equipped with a magnetic stir bar was charged with W(3,5-Me 2C6H3N)(CHCMe 2Ph)(2,5-
Me2NC4H2)2 (303 mg, 0.486 mmol) and tetraphenylphenol (194 mg, 0.486 mmol).
Diethyl ether (5 mL) was added and the reaction mixture was stirred at room temperature
for 3 h until the phenol was completely consumed. The volatiles were then removed in
vacuo, and the yellow solid was washed with diethyl ether; yield 358 mg (79%): 1H NMR
(500 MHz, C6D6) 6 8.45 (s, 1H, syn-W=CH, JCH =115.8 Hz, JWH= 15.0 Hz), 7.35 (s, 1H,
Ar), 7.32-6.81 (m, 25H, Ar), 6.49 (s, 1H, Ar), 6.42 (s, 2H, Ar), 6.10 (s, 2H, NC4H2), 2.15
(s, 6H, Me), 1.94 (s, 6H, Me), 1.67 (s, 3H, Me), 1.35 (s, 3H, Me); 13C NMR (125 MHz,
C6D6) 6 260.6, 159.4, 156.9, 152.1, 142.5, 142.2, 138.0, 137.3, 135.5, 131.9 (br), 131.1,
130.6, 128.8, 128.7, 128.6, 128.5, 128.3, 127.6, 127.1, 126.7, 126.3, 124.8, 110.7, 53.2,
34.5, 32.4, 21.5, 17.5. Anal. Calcd for C54H5oN2 0W: C, 69.98; H, 5.44; N, 3.02. Found:
C, 70.28; H, 5.53; N, 3.22.
W(3,5-Me 2C6H3N)(C 3H6)(NC 4H4)(OHIPT) (9a). A 25 mL Schlenk flask
equipped with a magnetic stir bar and a side arm was charged with a mixture of a pentane
and diethyl ether (1:1) solution of W(3,5-Me 2C6H3N)(CHCMe2Ph)(NC4H2)2(dme) (256
mg, 0.390 mmol) and HIPTOH (199 mg, 0.389 mmol, 1 equiv). The reaction mixture was
stirred at room temperature for 15 minutes. The mixture was degassed three times and
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then exposed to 1 atm of ethylene for 15 minutes. The volume of the reaction mixture
was concentrated to half. After exposing the reaction mixture again to 1 atm of ethylene,
yellow solids were generated. The solids were collected on a medium porosity frit and
washed with pentane; yield 240 mg (68%). X-ray quality crystals were grown from a
heptane solution at -35 'C: 'H NMR (500 MHz, C6D6) 6 7.54 (br, 2H, Ar), 7.26 (d, 2H,
Ar, J = 7.5 Hz), 7.24 (s, 4H, Ar), 6.90 (t, lH, Ar, J = 7.5 Hz), 6.33 (s, 3H, Ar), 6.28 (s,
2H, Ar), 4.11 (br, 2H, WCH.), 3.52 (br, 2H, WCHa, 2.90 (sept, 2H, MeCHMe, J = 6.8
Hz), 3.40--2.40 (br, 4H, MeCHMe), 1.80 (s, 6H, Me), 1.32 (d, 12H, MeCHMe, J = 6.8
Hz), 1.30-1.10 (br, 24H, MeCHMe), -0.82 (br, 1H, WCHO), -1.25 (br, 1H, WCH,). The
13C NMR could not be recorded due to the instability of the complex in solution. Anal.
Calcd for C5 1H68N2 0W: C, 67.39; H, 7.54; N, 3.08. Found: C, 67.55; H, 7.53; N, 3.01.
W(3,5-Me 2C6H3N)(C 3H6)(2-MesNC 4H3)(OTPP) (9b). A 25 mL Schlenk flask
was charged with a 10 mL toluene solution of W(3,5-Me2C6H3N)(CHCMe2Ph)(2-
MesNC 4H3)2 (178 mg, 0.222 mmol) and tetraphenylphenol (88.3 mg, 0.222 mmol, 1
equiv). The reaction mixture was heated at 60 'C for two days, until the starting material
was totally consumed. Formation of W(3,5-Me 2C6H3N)(CHCMe 2Ph)(2-
MesNC 4H3)(OTPP) was observed by 'H NMR spectroscopy [6 8.56 (s, 1H, syn-W=CH,
JCH = 113.6 Hz, JwH = 14.3 Hz)]. A 25 mL Schlenk flask was charged with a 4 mL
pentane solution of W(3,5-Me 2C6H3N)(CHCMe2Ph)(2-MesNC4H3)(OTPP) (226 mg,
0.222 mmol). Two mL of diethyl ether were added to the reaction mixture. The flask was
degassed three times and then exposed to 1 atm of ethylene. A yellow precipitate formed
immediately. The yellow solid was collected on a medium porosity frit and washed with
pentane; yield 139 mg (68%): 'H NMR (500 MHz, C6D6) 6 8.33 (s, 1H, Ar), 8.04 (br, 2H,
Ar), 7.40-6.84 (m, 19H, Ar), 6.80 (t, 1H, Ar, J = 2.8 Hz), 6.40 (s, 1H, Ar), 6.36 (s, 2H,
Ar), 6.22 (s, 1H, Ar), 5.81 (s, 2H, Ar), 3.72 (m, 2H, WCHa), 3.16 (m, 2H, WCH), 2.22
(s, 6H, Me), 1.83 (s, 6H, Me), 1.82 (s, 3H, Me), -1.38 (br, 1H, WCHO), -1.95 (br, 1H,
WCHO); 13C NMR (125 MHz, C6D6) 6 157.5, 150.8, 143.2, 142.9, 142.8, 139.1, 139.0,
137.4, 136.6, 136.0, 133.5 (br), 132.7 (br), 132.0, 131.9, 131.8, 131.6, 130.7, 130.5,
129.1, 129.0, 128.9, 128.0, 127.0, 126.9, 125.5, 125.1, 111.9, 110.7, 98.3 (br), 66.3, 22.3,
22.2, 21.4, -4.8 (br). Anal. Calcd for C54H 5oN2 0W: C, 69.98; H, 5.44; N, 3.02. Found: C,
70.13; H, 5.40; N, 2.97.
W(3,5-Me 2C6H3N)(CH 2)(2,5-Me 2NC 4H2)(OHIPT) (10). A J-Young NMR tube
was charged with a solution of W(3,5-Me 2C6H3N)(CHCMe 2Ph)(2,5-Me 2pyr)(OHIPT)
(87 mg, 0.085 mmol) in 1.0 mL C6D6 (85 mM). The NMR tube was degassed three times
and then filled with 1 atm of ethylene. The NMR tube was kept at 20 'C overnight. After
the ethylene was consumed, the NMR tube was exposed again to 1 atm of C2H4, until the
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starting material was totally consumed. The color changed from yellow to red. Formation
of W(3,5-Me 2C6H3N)(CH2)(2,5-Me2NC4H2)(OHIPT) was observed by 'H NMR
spectroscopy: 'H NMR (500 MHz, C6D6) -selected peaks- 8 10.13 (d, 1H, W=CH 2, JCH
= 160.5 Hz, JWH= 26.6 Hz, JHH = 9.0 Hz), 8.71 (d, 1H, W=CH 2, JCH = 133.5 Hz, JHH
9.0 Hz). The volatile materials were removed under vacuum, and 0.5 mL of pentane were
added. The solution was allowed to stay at -35 'C for two months. Formation of red
crystals was observed. An X-ray structural study of these crystals is shown in Figure 3.
After two months at -35 'C the methylidene species had decomposed to the
metallacyclopentane species W(3,5-Me2C 6H3N)(2,5-Me2pyr)(OHIPT)(C 4H8) (11), which
has been characterized by single crystal X-ray diffraction studies (Figure 3).
E,Z,E-CH3(CH 2)4CH=CH(CH2)2CH=CH(CH 2)2CH=CH(CH2)4CH3  (12).
Solid W(3,5-Me 2C6H3N)(C 3H6)(NC 4H4)(OHIPT) (5.0 mg, 0.0055 mmol, 2 mol%) was
added to neat olefin E-CH 2=CH(CH2)2CH=CH(CH 2)4CH3 (42.0 mg, 0.275 mmol). The
reaction mixture was stirred at room temperature. The conversion was monitored by 'H
NMR spectroscopy. After 8 h, 61% conversion of the starting material has been observed.
No further change in conversion was determined. The volatile materials were removed
under vacuum. The mixture was plugged through silica gel and the olefin was isolated
(45.6 mg, yield = 60%). 'H NMR (500 MHz, C6D6) 8 5.54-5.42 (in, 6H), 2.20-1.96 (in,
12H), 1.40-1.20 (in, 12H), 0.89 (t, 6H, Me, J= 6.5 Hz); 13 C NMR (125 MHz, C6D6 ) 6
131.5, 130.4, 130.2, 33.6, 33.4, 32.1, 30.1, 28.3, 23.3, 14.7. HRMS (m/z): calcd,
275.2733 ([M-H]*); found, 275.2740.
X-Ray Structure Determination
Low-temperature diffraction data (p-and a)-scans) were collected on a Bruker D8
three-circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with
graphite-monochromated Cu K radiation (A = 1.54178 A). All structures were solved by
direct methods using SHELXS 0 and refined against F2 on all data by full-matrix least
squares with SHELXL-97" using established refinement techniques. All non-hydrogen
atoms were refined anisotropically. Unless otherwise noted below all hydrogen atoms
were included into the model at geometrically calculated positions and refined using a
riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to
1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups).
Compound 9a crystallizes in the triclinic space group P1 with one molecule in the
asymmetric unit along with one molecule of heptane. The hydrogen atoms on C81, C82
and C83 were observed in the difference Fourier synthesis, however, they were included
into the model at geometrically calculated positions and refined using a riding model.
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Compound 9b crystallizes in the monoclinic space group C2/c with one molecule
and half a molecule of diethylether in the asymmetric unit. The diethylether is located
near a two-fold rotation axis, which leads to a non-integer number in the empirical
formula for oxygen. The diethylether is disordered over four positions, two of which are
pairwise related to the other two by the crystallographic twofold. This disorder was
refined with the help of distance restraints on the 1,2-distances and similarity restraints on
the 1,3-distances and displacement parameters as well as rigid bond restraints for
anisotropic displacement parameters. Coordinates for the hydrogen atoms on Cl, C2 and
C3 were taken from the difference Fourier synthesis and refined semi-freely with the help
of distance restraints and constraining the Uis0 value of the hydrogen atom to 1.2 times
the Ueq value of the carbon atom to which the hydrogen binds.
Compound 11 crystallizes in the monoclinic space group P2 1/n with one molecule
in the asymmetric unit along with one molecule of pentane. The pentane is disordered
over three positions and was refined with the help of similarity restraints on the 1,2- and
1,3-distances and displacement parameters as well as rigid bond restraints for anisotropic
displacement parameters. Coordinates for the hydrogen atoms on Cl, C2 and C3 were
taken from the difference Fourier synthesis and refined semi-freely with the help of
distance restraints and constraining the Uo value of the hydrogen atom to 1.2 times the
Ueq value of the carbon atom to which the hydrogen binds.
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Table 3. Crystal data and
Me2C6H3N)(C3H6)(NC4H4)(OHIPT) (9a).
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
structure refinement
d10041
C58H84N2 0W
1009.12
100(2) K
1.54178 A
Triclinic
P1
a = 9.0469(2) A
b = 13.1911(3) A
c = 23.8059(5) A
2660.55(10) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to Omax
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(1)]
R indices (all data)
Largest diff. peak and hole
1.260 g/cm 3
4.301 mm-'
1056
0.20 x 0.15 x 0.15 mm3
1.87 to 66.59'
-10 < h < 10, -15 < k < 15, 0 < l < 28
9198
9198 [R(int) = 0.0000]
97.7 %
Semi-empirical from equivalents
0.5647 and 0.4800
Full-matrix least-squares on F2
9198/0/573
1.120
R1 = 0.0204, wR2 = 0.0508
R1 = 0.0207, wR2= 0.0509
0.620 and -0.719 e A -3
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c = 82.7973(12)'
p = 86.6985(13)0
y= 70.7499(13)0
Table 4. Crystal data and structure
MesNC4H3)(OTPP) (9b).
Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to Omax
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2o(1)]
R indices (all data)
Largest diff. peak and hole
refinement for W(3,5-Me 2C6H3N)(C 3H6)(2-
d10090
C56H55N20 1.50W
963.87
100(2) K
1.54178 A
Monoclinic
C2/c
a = 44.1194(7) A
b = 9.5497(2) A
c = 23.8428(4) A
9096.7(3) A3
a = 900
S= 115.1040(10)
y= 900
1.408 g/cm 3
5.028 mm-1
3928
0.40 x 0.15 x 0.10 mm 3
2.21 to 69.31
-53 < h < 53, -11 < k < 9, -28 < l <28
89456
8479 [R(int) = 0.0311]
99.4 %
Semi-empirical from equivalents
0.6333 and 0.2383
Full-matrix least-squares on F2
8479 / 173 / 636
1.046
RI = 0.0219, wR 2 = 0.0544
R1 = 0.0233, wR 2 = 0.0553
0.683 and -0.499 e ^-3
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Table 5. Crystal data and structure refinement
Me 2pyr)(OHIPT)(C 4H8) (11).
Identification code d10129
Empirical formula C59H86N2 0W
Formula weight 1023.15
Temperature 100(2) K
Wavelength 1.54178 A
Crystal system Monoclinic
Space group P21/n
Unit cell dimensions a = 13.0576(2)
b = 12.8834(2),
c = 33.4802(6)
5542.29(16) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to Omax
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(1)]
R indices (all data)
Largest diff. peak and hole
Volume
for W(3,5-Me 2C6H3N)(2,5-
-
1.226 g/cm 3
4.136 mm-1
2144
0.20 x 0.15 x 0.10 mm3
2.68 to 69.3 10
-15 < h < 15, -13 < k < 15, -40 < 1 < 40
110804
10376 [R(int) = 0.0325]
100.0 %
Semi-empirical from equivalents
0.6825 and 0.4917
Full-matrix least-squares on F2
10376 / 258 / 698
1.077
R1 = 0.0288, wR 2 = 0.0704
R1 = 0.0314, wR 2 = 0.0721
2.585 and -0.986 e ^3
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Y = 900
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CHAPTER 7
Development of a General Method for the Formation of
MAX Species using Mo(NAd)(CHR)(OHIPT)(OTf)
Chapter 7
INTRODUCTION
In the last several years new types of Mo and W imido alkylidene complexes that
have the formula M(NR)(CHR')(OR")(Pyr), where Pyr is a pyrrolide or substituted
pyrrolide ligand and OR" usually is an aryloxide, have been prepared and explored.'
These MonoAlkoxidelyrrolide (MAP) species have many new features of fundamental
interest, perhaps the most important of which is the presence of a stereogenic metal
center. These MAP species are prepared by the protonolysis of bispyrrolide species
M(NR)(CHCMe 2Ph)(pyrrolide) 2 with 1 equivalent of alcohol. However, bulky
bispyrrolide species, such as Mo(NR)(CHCMe 2Ph)(R')2 (R' = 2-Mespyr, 2-Phpyr, 2,5-
Ph2pyr, indolide), led to very low or no conversion of the corresponding MAP species.2
Therefore, the development of a new method to generate the desired MAP species is
highly attractive.
RESULTS
Addition of 1 equivalent of HIPTOH to the bispyrrolide species
Mo(NAd)(CHCMe 2Ph)(2-Mespyr) 2, led to no conversion to the desired MAP species,
even at 80 'C for months. Therefore, the synthesis of a monotriflate species has been
targeted, as an alternative route. Indeed, addition of 1 equivalent of LiOHIPT to the
bispyrrolide species Mo(NAd)(CHCMe 2Ph)(OTf) 2(dme) led to the formation of the
desired monotriflate species Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf) (1), in quantitative
yield (eq 1). The reaction was performed in benzene, at 80 'C, for 24 h. The reaction
mixture was then filtered though Celite, and the volatile materials were removed under
vacuum. The generated dark yellow solid can be used without further purification.
Species 1 shows a single peak in the 19F NMR spectrum at 5 -75.4 ppm, consistent with
the formation of a monotriflate species. A single alkylidene resonance (at 12.35 ppm)
with JcH characteristic of a syn species (123 Hz) was observed by 'H NMR spectroscopy.
A crystal structure of a phosphine adduct of 1 is reported later in the chapter.
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/ 4  benzene
OMe No (1)
800C TfOl-0 Ce2Ph
+ 24 h
Addition of 1 equivalent of sodium 2-Mespyrrolide to
Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf) (1) in benzene, at 80 'C for 10 h, led to the
formation of the desired MAP species, Mo(NAd)(CHCMe 2Ph)(OHIPT)(2-Mespyr) (2) in
45% yield (eq 2). A single alkylidene resonance (at 12.25 ppm) with JCH characteristic of
a syn species (120 Hz) was observed by 'H NMR spectroscopy. A structural study of 2
reveals a slightly distorted tetrahedral geometry (Figure 1). The N(2)-Mo(l)-O(1) angle
is 115.0(5)0, larger than what would be expected for a tetrahedral geometry (~-109'). The
imido ligand is slightly bent (Mo(1)-N(l)-C(1 1) = 163.58(1 1)), again indicative of a
crowded environment.
Na
Mes
N Mes N11 (1 equiv) 11
TfOIn-MO. ,,,CMe2Ph benzene NI-MO ... CMe 2Ph (2)
n80C,n10h O V
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Figure 1. Thermal ellipsoid drawing of 2. Selected distances (A) and angles (deg):
Mo(1)-N(1) = 1.7127(13) A, Mo(1)-N(2) = 2.0551(13) A, Mo(1)-C(1) = 1.8811(16) A,
Mo(1)-O(1) = 1.909(5) A, Mo(1)-N(1)-C(11) = 163.58(11)', N(2)-Mo(1)-O(1) =
115.0(5) , Mo(1)-O(1)-C(41) = 169.3(10)*.
A trimethylphosphine adduct of 1 was generated upon addition of PMe3 to the
monoalkoxide monotriflate species (eq 3). An X-ray study of 3 showed that PMe3
coordinates trans to the triflate ligand (Figure 2). The coordination environment of 3 can
be viewed as a square pyramid with the alkylidene in the apical position. The Mo-P bond
in 3 is about 0.05 A shorter than the Mo-P bond in Mo(NAr)(CHCMe 2Ph)(2,5-
Ph2NC4H2)[OC(CF 3)2Me](PMe 3), due to a larger trans influence effect of the triflate
ligand.3
The exchange of the triflate ligand with an alkoxide ligand has been investigated.
Addition of 1 equivalent of t-BuOLi to Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf) (1) in
benzene, at room temperature for 1 day, led to the formation of the desired MAX species,
Mo(NAd)(CHCMe 2Ph)(OHIPT)(OCMe 3) (4) in 22% yield (eq 4). A single alkylidene
resonance (at 11.16 ppm) with JCH characteristic of a syn species (119 Hz) was observed
by 1H NMR spectroscopy. A structural study of 4 reveals a tetrahedral geometry (Figure
3). The Mo(1)-O(2)-C(71) angle is 143.3(2) .
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PMe 3 (1.5 equiv)
benzene
22 *C, 15 min
Figure 2. Thermal ellipsoid drawing of 3. Selected distances (A) and angles (deg):
Mo(1)-P(1) = 2.5012(5) A, Mo(1)-N(1) = 1.7413(13) A, Mo(1)-C(1) = 1.8951(16) A,
Mo(1)-O(1) = 2.0180(11) A, Mo(1)-O(2) = 2.1721(11) A, Mo(1)-N(1)-C(11) =
168.35(11)0, N(1)-Mo(1)-O(1) = 153.63(5)0, P(l)-Mo(1)-O(2) = 154.41(3)0, N(1)-
Mo(1)-O(1) = 153.63(5) , Mo(1)-O(1)-C(21) = 139.66(9).
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t-BuOLi
:Me 2Ph (1 equiv)
benzene
- 22 0 C, 24 h
Figure 3. Thermal ellipsoid drawing of 4. Selected distances (A) and angles (deg):
Mo(1)-O(1) = 1.941(2) A, Mo(1)-O(2) = 1.879(2) A, Mo(1)-C(1) = 1.880(3) A, Mo(1)-
N(1) = 1.713(3) A, O(l)-Mo(1)-O(2) = 110.54(11)0, Mo(1)-O(1)-C(21) = 145.3(2)',
Mo(1)-O(2)-C(71) = 143.3(2)0, Mo(1)-N(1)-C(1 1) = 168.7(3)'.
The method developed allows for the triflate exchange with electron-withdrawing
pyrrolides, such as 2-CNpyrrolide, which has been developed in collaboration with Dr.
Victor Ng. This MAP species cannot be synthesized by the classical route from
bispyrrolide and 1 equiv of alcohol, even at 80 'C for months.4 The reactivity of these
MAP species is under investigation in the Schrock group.
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Li
CN CNN
11 C~ e2(1 equiv) II
TfOIEI-Mo ~.CMe2Ph - NI"" Mo... CMe 2Ph (5)benzene
O 20 'C, 10 h
1
DISCUSSION
The method developed allows for the formation of the desired MAP species,
which cannot be synthesized by the classical protonolysis route of bispyrrolides with 1
equiv of alcohol. The monotriflate species, Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf), is
obtained by salt metathesis of bistriflate species and one equivalent of lithium alkoxide.
The bulky alkoxide ligand prevents formation of the bisalkoxide species. When the
alkoxide is slightly smaller, as in the case of the Bitet ligand, formation of the bisalkoxide
species is observed, along with starting material (see Appendix). Therefore, the formation
of the triflate species is quite sensitive to the alkoxide ligand. The monotriflate can be
exchanged with a variety of anionic ligands, such as 2-Mespyrrolide, t-butoxide, and 2-
CNpyrrolide. The reactivity of these species is under investigation in the Schrock group.
CONCLUSIONS
The monotriflate species, Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf), is obtained by
salt metathesis of bistriflate species and one equivalent of lithium alkoxide. The triflate
can be exchanged with a variety of anionic ligands, such as 2-Mespyrrolide, t-butoxide,
and 2-CNpyrrolide. These species have been characterized by X-ray crystallography and
they reveal the expected tetrahedral geometry. The reactivity of these species is currently
under investigation. Addition of PMe3 to the monotriflate species led to the formation of
the phosphine adduct, Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf)(PMe 3). An X-ray structural
study revealed a square pyramidal coordination environment, with the alkylidene in the
apical position and the phophine trans to the triflate ligand.
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EXPERIMENTAL
General. All manipulations of air and moisture sensitive materials were
conducted under a nitrogen atmosphere in a Vacuum Atmospheres drybox or on a dual-
manifold Schlenk line. The glassware, including NMR tubes were oven-dried prior to
use. Ether, pentane, toluene, dichloromethane, toluene and benzene were degassed with
dinitrogen and passed through activated alumina columns and stored over 4 A Linde-type
molecular sieves. Dimethoxyethane was vacuum distilled from a dark purple solution of
sodium benzophenone ketyl, and degassed three times by freeze-pump-thaw technique.
The deuterated solvents were dried over 4 A Linde-type molecular sieves prior to use. 'H,
13 C spectra were acquired at room temperature unless otherwise noted using Varian
spectrometers and referenced to the residual 1H/13 C resonances of the deuterated solvent
('H: CDCl3, 6 7.26; C6D6, 8 7.16; CD2Cl 2, 6 5.32; C7D8, 6 7.09, 7.00, 6.98, 2.09. 13C:
CDCl 3, 8 77.23; C6D6, 6 128.39; CD2 Cl 2, 6 54.00; C7D8, 6 137.86, 129.24, 128.33,
125.49, 20.4) and are reported as parts per million relative to tetramethylsilane. The
elemental analysis was performed by Midwest Microlab, Indianapolis, Indiana.
Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf) (1). Solid lithium alkoxide LiOHIPT
(370.7 mg, 0.735 mmol, 1 equiv) was added to a suspension of
Mo(NAd)(OTf)2(CHCMe2Ph)(dme) (562.4 mg, 0.735 mmol, 1 equiv) in benzene (20
mL). The reaction mixture was heated at 80 'C for 24 hours. The reaction mixture was
filtered through Celite. The volatiles were removed under vacuum to generate a yellow-
brown solid (750 mg, yield = 99%). 'H NMR (500 MHz, C6 D6) 6 12.35 (s, 1H, syn-
Mo=CH, JCH = 123.0 Hz), 7.33 (s, 4H, Ar), 7.25-7.00 (m, 7H, Ar), 6.84 (t, 1H, Ar, J=
7.5 Hz), 2.98 (sept, 4H, MeCHMe, J = 7.0 Hz), 2.92 (sept, 2H, MeCHMe, J = 7.0 Hz),
1.78 (br, 6H), 1.74 (br, 6H), 1.58 (s, 3H, Me), 1.37 (d, 6H, MeCHMe, J= 7.0 Hz), 1.35
(br, 6H), 1.33 (t, 12H, MeCHMe, J= 7.0 Hz), 1.17 (d, 6H, MeCHMe, J= 7.0 Hz), 1.11 (t,
12H, MeCHMe, J= 7.0 Hz). 13C NMR (125 MHz, C6D6) 6 301.5, 159.8, 152.0, 149.7,
149.5, 149.2, 148.5, 147.8, 147.2, 134.1, 132.3, 131.8, 128.9, 128.7, 127.3, 126.9, 123.3,
122.2, 122.0, 121.7, 81.5, 54.0, 44.0, 35.9, 34.8, 34.5, 31.6 (br), 30.2 (br), 25.4 (br), 24.7
(br). 19F NMR (282 MHz, C6D6) -75.4. Anal. Caled for C57H76F3MoNO4S: C, 66.84; H,
7.48; N, 1.37; Found: 66.75; H, 7.50; N, 1.44.
Mo(NAd)(CHCMe 2Ph)(OHIPT)(2-Mespyr) (2). Solid sodium 2-Mespyrrolide
(80.4 mg, 0.388 mmol, 1 equiv) was added to a solution of
Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf) (397.3 mg, 0.388 mmol, 1 equiv) in benzene (20
mL). The reaction mixture was heated at 80 'C for 10 hours. The reaction mixture was
filtered through Celite. The volatiles were removed under vacuum. The compound was
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recrystallized from pentane/tetramethylsilane to generate a yellow solid (183 mg, yield =
45%). 1H NMR (500 MHz, C6D6) 6 12.25 (s, 1H, syn-Mo=CH, JCH 120.0 Hz), 7.23 (s,
2H, Ar), 7.20 (s, 2H, Ar), 7.18-7.10 (m, 4H, Ar), 7.06 (d, 1H, Ar, J= 7.5 Hz), 7.03 (d,
2H, Ar, J= 7.5 Hz), 6.83 (s, 1H, Ar), 6.80 (t, 1H, Ar, J= 7.5 Hz), 6.76 (s, 1H, Ar), 6.36 (t,
1H, NC4H3, J= 2.5 Hz), 6.15 (dd, 1H, NC4H 3, J= 2.5 Hz, 1.2Hz), 5.99 (dd, 1H, NC4 H 3 ,
J= 2.5 Hz, 1.2Hz), 3.05 (sept, 2H, MeCHMe, J= 7.0 Hz), 2.97 (sept, 4H, MeCHMe, J=
7.0 Hz), 2.33 (s, 3H, Me), 2.16 (s, 3H, Me), 2.15 (s, 3H, Me), 1.73 (br, 3H), 1.53 (s, 3H,
Me), 1.48 (s, 3H, Me), 1.36 (app q, 12H, MeCHMe), 1.33 (br, 9H), 1.27 (d, 6H,
MeCHMe, J= 7.0 Hz), 1.23 (d, 6H, MeCHMe, J= 7.0 Hz), 1.15 (t, 12H, MeCHMe, J=
7.0 Hz), 1.11 (br, 3H). 13 C NMR (125 MHz, C6D6 ) 6 288.0, 160.2, 150.6, 148.2, 147.7,
147.6, 140.0, 139.6, 139.3, 136.9, 136.7, 135.8, 135.2 (br), 133.3, 131.3, 129.1 (br), 128.9
(br), 127.5, 126.4, 122.1, 121.6, 120.8, 111.5, 111.4, 111.2, 111.1, 100.5, 77.1, 53.2, 43.7,
35.9, 35.1, 35.0, 34.6, 31.8, 31.6, 30.2, 30.1, 26.4, 26.1, 24.7, 24.7, 24.6. Anal. Calcd for
C69H9oMoN 20: C, 78.23; H, 8.56; N, 2.64; Found: C, 77.91; H, 8.60; N, 2.65.
Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf)(PMe 3) (3). PMe3 (57 tL, 0.552 mmol,
1.5 equiv) was added to a solution of Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf) (377.1 mg,
0.368 mmol, 1 equiv) in benzene (20 mL). The reaction mixture was stirred at room
temperature for 15 minutes. The volatiles were removed under vacuum. Pentane was
added and the off-white solid was collected on a medium porosity frit (302.2 mg, yield =
75%). 'H NMR (500 MHz, C6D6) 6 12.74 (d, 1H, syn-Mo=CH, JCH = 122.2 Hz, JPH= 4.6
Hz), 7.48 (s, 1H, Ar), 7.32 (d, 2H, Ar, J= 11.6 Hz), 7.25-7.19 (m, 3H, Ar), 7.10 (t, 2H,
Ar, J= 7.5 Hz), 7.04 (s, 1H, Ar), 6.99 (t, 1H, Ar, J= 7.5 Hz), 6.87 (d, 2H, Ar, J= 7.5 Hz),
6.80 (t, 1H, Ar, J = 7.5 Hz), 3.73 (sept, 1H, MeCHMe, J = 6.5 Hz), 3.58 (sept, 1H,
MeCHMe, J= 6.5 Hz), 3.08 (sept, 1H, MeCHMe, J= 6.5 Hz), 2.95 (sept, 1H, MeCHMe,
J= 6.5 Hz), 2.83 (sept, 1H, MeCHMe, J = 6.5 Hz), 2.76 (sept, 1H, MeCHMe, J = 6.5
Hz), 2.20 (br, 6H), 2.03 (s, 3H, Me), 1.93 (br, 3H), 1.80 (d, 3H, MeCHMe, J= 6.5 Hz),
1.73 (d, 3H, MeCHMe, J= 6.5 Hz), 1.58-1.14 (m, 33H), 1.05 (d, 3H, MeCHMe, J= 6.5
Hz), 1.02 (d, 3H, MeCHMe, J= 6.5 Hz), 0.39 (d, 9H, PMe3, JPH = 10.2 Hz). 13C NMR
(125 MHz, C6D6 :CD 2 Cl 2 = 1:1) 6 314.5 (d, Jcp 19.9 Hz), 161.5, 149.2 (br), 148.1,
147.9 (br), 138.4 (br), 137.5 (br), 134.2 (br), 133.3 (br), 130.1, 129.0 (br), 127.1 (br),
126.6, 126.5, 122.9 (br), 121.5 (br), 120.8 (br), 117.9 (br), 75.2, 52.0, 44.8, 36.3, 34.9
(br), 31.1 (br), 30.3 (br), 25.0 (br), 16.1 (t, Jcp = 31.0 Hz). 19F NMR (282 MHz,
C6 D6:CD 2 Cl 2 = 1:1) 8 -75.2. 3'P NMR (121 MHz, C6D6:CD 2Cl 2 = 1:1) 6 8.6. Anal. Calcd
for C6oH85F3MoNO 4PS: C, 65.49; H, 7.79; N, 1.27; Found: 65.56; H, 7.78; N, 1.13.
Mo(NAd)(CHCMe 2Ph)(OHIPT)(OCMe3) (4). Solid LiOCMe3 (80.0 mg, 0.360
mmol, 1 equiv) was added to a solution of Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf) (368.4
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mg, 0.360 mmol, 1 equiv) in benzene (20 mL). The reaction mixture was stirred at room
temperature for 24 hours. The reaction mixture was filtered through Celite. The volatiles
were removed under vacuum. The compound was recrystallized from
pentane/tetramethylsilane to generate a yellow solid (75 mg, yield = 22%). 1H NMR (500
MHz, C6D) 8 11.16 (s, 1H, syn-Mo=CH, JCH = 119.0 Hz), 7.26 (s, 4H, Ar), 7.21 (d, 2H,
Ar, J= 1.5 Hz), 7.11 (d, 2H, Ar, J= 7.5 Hz), 7.08 (d, 2H, Ar, J= 7.5 Hz), 7.02 (t, 1H, Ar,
J= 7.5 Hz), 6.82 (t, 1H, Ar, J = 7.5 Hz), 3.16 (sept, 4H, MeCHMe, J = 6.5 Hz), 2.95
(sept, 2H, MeCHMe, J= 6.5 Hz), 1.90 (br, 6H), 1.71 (app q, 6H, J= 11.8 Hz), 1.55 (s,
3H, Me), 1.45 (br, 6H), 1.41 (d, 6H, MeCHMe, J= 6.5 Hz), 1.35 (t, 12H, MeCHMe, J=
6.5 Hz), 1.28 (d, 6H, MeCHMe, J= 6.5 Hz), 1.23 (t, 12H, MeCHMe, J= 6.5 Hz), 1.01 (s,
9H, OCMe3 ). 13C NMR (125 MHz, C6 D) 8 263.1, 161.8, 150.9, 148.2, 148.1, 147.7,
135.8, 132.7, 131.6, 128.9, 128.7, 128.3, 127.1, 126.3, 121.6, 121.5, 120.2, 77.9, 74.1,
49.7, 45.0, 36.5, 34.8, 34.7, 32.0, 31.5, 30.5, 30.2, 26.5, 26.3, 26.1, 25.9, 25.4, 25.2, 25.1,
24.9, 24.8, 24.7, 24.4. Anal. Calcd for C6 0H85MoNO 2: C, 75.99; H, 9.03; N, 1.48; Found:
C, 75.64; H, 8.80; N, 1.55.
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Table 1. Crystal data and structure refinement for Mo(NAd)(CHCMe 2Ph)(OHIPT)(2-
Mespyr) (2).
Identification code x10082
Empirical formula C71H96MoN 2OSio. 50
Formula weight 1103.48
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/c
Unit cell dimensions a = 41.846(2) A = 90
Volume
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to Omax
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(1)]
R indices (all data)
Largest diff. peak and hole
b = 14.9408(7) A
c = 20.0700(10) A
12468.2(11) A3
96.4610(10)0
= 900
1.176 g/cm 3
0.263 mm-1
4744
0.20 x 0.20 x 0.10 mm3
1.45 to 30.3 1
-59 < h < 59, -215 k < 21, -28 5 l5 28
145253
18713 [R(int)= 0.0718]
100.0 %
Semi-empirical from equivalents
0.9742 and 0.9492
Full-matrix least-squares on F2
18713 / 1384 / 1020
1.017
R1 = 0.0367, wR2 = 0.0800
R1 = 0.0582, wR2 = 0.0903
0.439 and -0.498 e ^-3
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Table 2. Crystal data and structure
Mo(NAd)(CHCMe 2Ph)(OHIPT)(OTf)(PMe 3) (3).
Identification code 11015
Empirical formula C60H85F3MoNO4PS
Formula weight 1100.26
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P21n
Unit cell dimensions a = 11.9252(15) A
b = 23.200(3) A
c = 20.709(3) A
Volume 5646.0(13) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to Omax
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(1)]
R indices (all data)
Largest diff. peak and hole
refinement
= 900
= 99.781(2)0
y = 900
1.294 g/cm 3
0.353 mm-1
2336
0.30 x 0.20 x 0.15 mm3
1.33 to 30.32'
-16<h<16,-32<k<32,-29<1<29
156288
16915 [R(int) = 0.0730]
99.9 %
Semi-empirical from equivalents
0.9489 and 0.9014
Full-matrix least-squares on F2
16915 / 56 / 677
1.041
R1 = 0.0345, wR2 = 0.0790
R1 = 0.0473, wR2 = 0.0864
0.577 and -0.750 e -3
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Table 3. Crystal data and structure refinement for Mo(NAd)(CHCMe 2Ph)(OHIPT)(OCMe 3) (4).
Identification code x10084_t5
Empirical formula C6oH85MoNO 2
Formula weight 948.23
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P1
Unit cell dimensions a = 12.0586(14) A = 89.536(3)'
Volume
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 0 max
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(1)]
R indices (all data)
Largest diff. peak and hole
b = 13.0094(14) A
c = 37.249(4) A
5281.5(10) A3
= 88.685(3)0
y 64.701(3)0
1.193 g/cm 3
0.290 mm-1
2040
0.15 x 0.10 x 0.10 mm3
1.64 to 30.60'
-17<h<17,-18<k<18,0<l53
33165
33171 [R(int) = 0.0799]
97.6 %
Semi-empirical from equivalents
0.9716 and 0.9578
Full-matrix least-squares on F2
33171 / 896 / 1306
1.088
R1 = 0.0586, wR 2 = 0.1311
R1 = 0.0712, wR2= 0.1366
1.338 and -1.105 eA 
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Syntheses and Structures of
Molybdenum(IV) Olefin Complexes
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Chapter 8
INTRODUCTION
Ethylene is a product of olefin metathesis reactions that involve one or more
terminal olefins. In high oxidation state molybdenum and tungsten catalyst systems'
reactions that involve ethylene as a reactant or product, methylidene complexes, which
are the least stable alkylidenes toward bimolecular decomposition, and unsubstituted
metallacyclobutane complexes, which are the most stable metallacycles toward loss of an
olefin, are formed. Ethylene also has been proposed to promote rearrangement of an
unsubstituted metallacyclobutane to an olefin and thereby to lead to decomposition of
high oxidation state alkylidene catalysts.2
Perhaps the most informative studies concerning reactions between alkylidene
complexes and ethylene in solution have employed 13C-labeled ethylene. Reactions
between 13C 2H4 and tungsten biphenolate and binaphtholate catalysts have been studied
most thoroughly.2,3 (Fewer studies have been reported for analogous Mo complexes. 4)
Among the species observed in solution are an unsubstituted tungstacyclobutane
complex, an ethylene complex, an unsubstituted tungstacyclopentane complex, and a
heterochiral dimeric methylidene complex. Ethylene has also been employed in order to
study the mechanism of catalyst decomposition and formation of bimetallic species. For
example, the tungstacyclobutane complex, W(NArcI)(Biphen)(C 3H 6) (Arc' = 2,6-
Cl 2C6H3 ; Biphen = 6,6'-dimethyl-3,3',5,5'-tetra-t-butyl-1,1'-biphenyl-2,2'-diolate), was
found to decompose to yield (inter alia) the dimeric, heterochiral methylidene complex,
[W(NArCl)(Biphen)([t-CH 2)]2, which decomposed further to yield homochiral
[W(NArci)(Biphen)]2( -CH2CH2), which in turn lost ethylene to yield
[W(NArCI)(Biphen)] 2-5 The ethylene complexes that have been prepared in reactions
between imido alkylidene complexes and ethylene and that have been isolated and
structurally characterized are the five-coordinate species
W(NArci)(CH 2CH 2)(Biphen)(THF), 5  Mo(NArcI)(CH 2CH 2)(Biphen)(Et 2O), 4  and
{Mo(NAr)(CH 2CH 2)[OCMe(CF 3)2](THF) 3}B(3,5-(CF 3)2C6H3)4 6
There is some evidence that alkylidene complexes can be formed in reactions
between Mo(IV) or W(IV) imido bisalkoxide or biphenolate complexes and ethylene. For
example, vinyltributylstannane is homologated to allyltributylstannane by Mo(IV)
complexes in the presence of ethylene.7 Although Mo(NArci)(CH 2CH2)(rac-
Biphen)(ether) is inactive for ring-closing diallyl ether in 10 days at 22 'C, when 10
equivalents of norbomene were added to a benzene solution of 5 mol%
Mo(NArci)(CH 2CH 2)(rac-Biphen)(ether) and diallyl ether, a 56% yield of 2,4-
dihydrofuran was obtained in 10 days.
In the last several years new types of Mo and W imido alkylidene complexes that
154
Chapter 8
have the formula M(NR)(CHR')(OR")(Pyr), where Pyr is a pyrrolide or substituted
pyrrolide ligand and OR" usually is an aryloxide, have been prepared and explored.9
These MonoAlkoxidePyrrolide (MAP) species can be viewed as the third generation of
high oxidation state imido alkylidene catalysts (after "first generation" bisalkoxides and
"second generation" biphenolates and binaphtholates'). MAP species have many new
features of fundamental interest, perhaps the most important of which is the presence of a
stereogenic metal center. MAP species have proven to be extraordinarily reactive. Under
the right circumstances many have been found to be long-lived compared to first or
second generation catalysts. Initial studies of reactions between MAP species and
ethylene showed that when a sterically relatively small set of ligands are present, ethylene
complexes are often formed in the presence of ethylene. 10
It is interesting to note that olefin complexes of the type M(NAr)(X)(Y)(olefin)
(M = Mo or W; X or Y = alkoxide or rl-pyrrolide) are related to TaCp*C12(olefin)
complexes, which catalyze the dimerization of terminal olefins to tail-to-tail or head-to-
tail dimers via a metallacyclopentane "ring-contraction" mechanism." Complexes that
contain Mo(NAr)(X)(Y) or W(NAr)(X)(Y) cores also will dimerize ethylene slowly to 1-
butene.3 ,4
In view of the isomeric relationship between olefin and alkylidene
complexes,12,13,14 as well as the roles olefins may play in metathesis chemistry beyond the
obvious role as substrates, as has been outlined above, we decided to explore routes to
simple Mo(IV) ethylene complexes of the type Mo(NAr)(X)(Y)(CH 2CH2) and reactions
between ethylene complexes and olefins. The results of this investigation are reported
here.
RESULTS
8.1 Syntheses and Structural Studies of Ethylene Complexes
Exposure of a diethylether solution of Mo(NAr)(CHCMe 2Ph)(Me 2Pyr)(OSiPh3)
(1) to one atmosphere of ethylene for 1 h led to formation of the ethylene complex,
Mo(NAr)(CH 2CH2)(Me 2Pyr)(OSiPh3) (2) in 70% isolated yield (equation 1). The
presence of four ethylene resonances (ethylene resonances at 2.87 (1H), 2.70 (1H), and
2.20 (2H) ppm) suggests that the ethylene does not rotate rapidly on the NMR time scale.
Experiments employing '3 C2H4 revealed ethylene carbon resonances at 56.9 and 58.0
ppm with JCH = 153 Hz and Jcc = 37 Hz for 2. These chemical shifts and JCH values are
similar to those reported in ethylene complexes noted earlier5'6 and others reported here.
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i-Pr i-Pr i-Pr i-Pr
N N
.--- C2H4 (1 atm)NI-Mo, ,CMe 2Ph B Ph3SiO""'MoW (1)
- 4 Et20, 22 *C, 12 h
OSIPh 3  - CH 2CHCMe 2Ph
1 2
The results of a single crystal X-ray structural study of 2 are shown in Figure 1.
The C(1)-C(2) bond length is 1.420(3) A, which should be compared to the ethylene C-C
bond lengths in Mo(N-2,6-Cl 2C6H3)(CH 2CH 2)(Biphen)(Et 2O) (1.400(13) A),4
W(NArci)(CH 2CH 2)(Biphen)(THF) (1.452(3) A),5  and
{Mo(NAr)(CH 2CH 2)[OC(CF 3)2Me](THF) 3}* (1.408(4) A).6 The imido ligand bends
(Mo(1)-N(1)-C(1 1) = 163.09(15)0) in response to some significant steric interaction
between the triphenylsiloxide and the 2,6-diisopropylphenylimido ligand. The ethylene is
oriented so that its C-C axis is essentially perpendicular to the Mo(1)-N(1) axis (N(1)-
Mo(1)-C(1) = 98.75(9)0, N(1)-Mo(1)-C(2) = 97.89(8)0).
A reaction between 1 and propylene in C6D6 led to formation of the ethylidene
complex Mo(NAr)(CHMe)(Me 2Pyr)(OSiPh 3) initially, as judged from appearance of a
new alkylidene quartet at 12.32 ppm, along with 2 and other species, but after 1 day at
room temperature only 2 is observed along with propylene and expected metathesis
products (2-butenes, H2C=CHCMe2Ph, etc.). Since ethylene is generated in the
metathesis reaction and since ethylene is the smallest and most reactive olefin, the
ultimate product or products are derived from ethylene.
Addition of CD 2CD 2 (1 atm) to a C6H6 solution of 2 led to immediate formation
of Mo(NAr)(CD 2CD2)(Me 2Pyr)(OSiPh 3), according to 2H NMR spectroscopy. This
observation confirms that ethylene exchanges readily in 2, either through direct
displacement of ethylene by CD 2CD 2 in a five-coordinate intermediate or through rapid
formation and breakup of an intermediate five-coordinate molybdacyclopentane (vide
infra). Rapid exchange can also be observed employing 13C NMR and 13C 2H4.
Addition of one equivalent of triphenylsilanol to a solution of 2 led to an
immediate color change from red to purple. A proton NMR spectrum revealed two
pseudo quartets at 2.74 and 1.99 ppm which integrate as two protons each for bound
ethylene in mirror symmetric Mo(NAr)(CH 2CH 2)(OSiPh 3)2 (3) (equation 2). Protonolysis
of pyrrolide ligands in these circumstances has been proposed to require coordination of
the alcohol oxygen to the metal before proton migration,9 e which in turn suggests that the
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18e count in 2 is first reduced to 14e through ready formation of intermediate
Mo(NAr)(CH 2CH2)(1 I-Me2Pyr)(OSiPh3).
Figure 1. Thermal ellipsoid drawing of 2. Thermal ellipsoids are displayed at 50%
probability level. Hydrogen atoms are omitted. Selected distances (A) and angles (deg):
Mo(1)-C(1) = 2.190(2) A, Mo(1)-C(2) = 2.182(2) A, Mo(1)-N(1) = 1.7353(18) A,
Mo(1)-O(1) = 2.0080(15) A, C(1)-C(2) = 1.420(3) A, Mo(1)-N(2) = 2.3588(18) A,
Mo(1)-C(22) = 2.458(2) A, Mo(1)-C(23) = 2.506(2) A, Mo(1)-C(24) = 2.441(2) A,
Mo(1)-C(25) = 2.355(2) A, Mo(1)-N(1)-C(11) = 163.09(15)', Mo(1)-O()-Si(1) =
149.06(9)0, N(1)-Mo(1)-C(1)= 98.75(9)', N(1)-Mo(1)-C(2) = 97.89(8)'.
i-Pr i-Pr
N
PhaSiO%%"-Mo'V
Ph3SiOH (1 equiv)
Et20
20 *C
10 min
In order to prepare potentially a large variety of ethylene complexes we attempted
to prepare an ethylene complex through a reaction between
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Mo(NAr)(CHCMe 2Ph)(OTf)2(dme) and ethylene. Mo(NAr)(CHCMe 2Ph)(OTf)2(dme)
was found to react slowly with ethylene (60 psi) in toluene at 80 'C. After two days, a red
ethylene complex can be isolated in 86% yield. The 1H NMR spectrum revealed several
multiplet resonances between 4 ppm and 2.5 ppm that could be ascribed to an ethylene
ligand, while the 19F NMR spectrum showed three singlet resonances at 5 -78.26, -78.30,
and -78.59 for triflate ligands in approximately a 1 : 1 : 1 ratio. All data are consistent
with the reaction between Mo(NAr)(CHCMe 2Ph)(OTf)2(dme) and ethylene to give cis
and trans isomers of Mo(NAr)(CH 2CH 2)(OTf) 2(dme) (4a) in the ratio of 2:1, respectively
(equation 3). The reaction between Mo(NAr)(OTf) 2(CHCMe2Ph)(dme) and ethylene
most likely proceeds through metathesis to yield Mo(NAr)(OTf) 2(CH 2)(dme), which then
decomposes in the presence of ethylene to give the observed product. To our knowledge
the reaction shown in equation 3 is the only metathetical reaction of
Mo(NAr)(OTf) 2(CHCMe2Ph)(dme) to have been reported. Using a similar procedure
(1 atm ethylene; 60 'C, 6 h), Mo(NAd)(CH 2CH 2)(OTf) 2(dme) (4b) can be obtained as
approximately a 2:1 mixture of cis and trans isomers, respectively.
NR NR NR
|| ,OTf C2H4  | - | OTfMeO-Md=CHCMe 2Ph - MeO-Mo-OTf + MeO-Mo'- (3)
0 toluene, 60-80 *C f f
OMe - CH2=CHCMe 2R' OMe TfOMe
R = Ar (a) or Adamantyl (b) cis-4a or 4b trans-4a or 4b
Addition of lithium 2,5-dimethylpyrrolide to 4a under 1 atm of ethylene led to
formation of Mo(NAr)(CH 2CH 2)( 1 i-Me 2Pyr)(q 5 -Me2Pyr) (5) (equation 4). If the reaction
is attempted in the absence of ethylene a significant amount of decomposition is
observed. Compound 5 could not be prepared through a reaction between
Mo(NAr)(CHCMe 2Ph)(n1 -Me2Pyr)( 5 -Me2Pyr) and ethylene (1 atm) at 80 'C. Two
ethylene resonances were found at 51.3 ppm and 48.1 ppm. A single crystal X-ray
structural study of 5 (Figure 2) confirms that the pyrrolide ligands are bound in an nI and
il manner. The C(1)-C(2) bond length is 1.404(4) A. The N(1)-Mo(1)-C(1) and N(1)-
Mo(1)-C(2) angles (87.32(8)0 and 101.17(8)0, respectively) suggest that ethylene is
twisted a few degrees from being perpendicular to the Mo(1)-N(1) bond.
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N
2
cis-4a + trans-4a
C2H4 (1 atm)Et20, 22 0C, 3 h
- 2 LiOTf
i-Pr i-Pr
N
5
C(32)
N(2)
Figure 2. Thermal ellipsoid drawing of 5. Thermal ellipsoids are displayed at 50%
probability level. Hydrogen atoms are omitted. Selected distances (A) and angles (deg):
Mo(1)-C(1) = 2.215(2) A, Mo(1)-C(2) = 2.199(2) A, Mo(1)-N(1) = 1.7423(17) A,
Mo(1)-N(2) = 2.3785(17) A, Mo(1)-N(3) = 2.1444(17) A, C(1)-C(2) = 1.404(4) A,
Mo(1)-C(31) = 2.396(2) A, Mo(1)-C(32) = 2.407(2) A, Mo(1)-C(33) = 2.420(2) A,
Mo(1)-C(34) = 2.396(2) A, Mo(1)-N(1)-C(11) = 174.88(14), N(1)-Mo(1)-C(1) =
87.32(8) , N(1)-Mo(1)-C(2) = 101.17(8) .
8.2 Syntheses and Structural Studies of Styrene Complexes
In the interest of isolating other olefin complexes we treated 2 with neat styrene.
Dry styrene was vacuum transferred to a Schlenk flask charged with solid
159
Chapter 8
(4)
Chapter 8
Mo(NAr)(CH 2CH 2)(Me 2Pyr)(OSiPh 3) (2). Removal of all volatiles in vacuo after 15
minutes gave a grey residue whose proton NMR spectrum in C6D6 suggested that the
product, Mo(NAr)(CH 2CHPh)(Me 2Pyr)(OSiPh 3) (6), was a mixture of four isomers. Four
isomers of 6 can be rationalized in view of the presence of a stereogenic metal center,
enantiotopic styrene faces, and no rotation of styrene on the NMR time scale. The major
isomer (-30%) displays olefinic proton resonances at 4.23 (t, 1H), 3.08 (dd, 1H), and
2.40 (dd, 1H) ppm. We were not able to obtain a crystalline sample of 6 suitable for an
X-ray study.
i-Pr i-Pr i-Pr
N N|1 PhCH=CH 2 (neat) || Ph
PhAiO2" Mo20, 15 mi PhaSiO. Mo (5)
20 - C2H4
2 6 (four isomers)
The reaction between purple Mo(NAr)(CH 2CH 2)(OSiPh 3)2 (3) and neat, freshly
dried styrene immediately yielded a green solution from which a green product could be
obtained upon removal of all volatiles in vacuo. Recrystallization of the residue from
pentane yielded green crystals of Mo(NAr)(CH 2CHPh)(OSiPh 3)2 (7, equation 6), the
proton NMR spectrum of which in C6D6 showed two isomers to be present in the ratio of
2:1. The major isomer displays olefinic proton resonances at 3.58 (t, 1H), 3.28 (dd, 1H),
and 2.44 (dd, 1H) ppm for the bound styrene, while olefinic proton resonances for the
minor isomer are found at 4.64 (t, 1H), 2.99 (dd, 1H), and 2.26 (dd, 1H) ppm. Compound
7 also can be prepared by treating Mo(NAr)(CH 2CHPh)(Me 2Pyr)(OSiPh3) (6) with 1
equiv of Ph 3SiOH.
i-Pr i-Pr i-Pr
N N
11W / PhCH=CH 2 (neat) || Ph
PhaSiO%' 20 C, 15 min Ph3SiO'.o- (6)
Ph3SiO - C2H4  Ph 3SiO
3 7
2 isomers = 2:1
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An X-ray structural study of a single crystal of 7 showed it to be the isomer in
which the phenyl ring points toward the imido ligand (Figure 3). The styrene is oriented
perpendicular to the Mo(1)-N(1) axis (N(1)-Mo(1)-C(1) = 98.49(10)0 and N(1)-Mo(1)-
C(2) = 98.76(10)0) with C(1)-C(2) = 1.433(4) A.
Figure 3. Thermal ellipsoid drawing of 7. Thermal ellipsoids are displayed at 50%
probability level. Hydrogen atoms are omitted. Selected distances (A) and angles (deg):
Mo(1)-N(l) = 1.738(2) A, Mo(1)-O(1) 1.9116(15) A, Mo(1)-O(2) = 1.9176(16) A,
Mo(1)-C(1) = 2.121(3) A, Mo(l)-C(2) = 2.159(2) A, C(1)-C(2) = 1.433(4) A, Mo(1)-
N(1)-C(l l) = 169.78(17)0 , N(1)-Mo(l)-C(1) = 98.49(10)0, N(1)-Mo(1)-C(2) =
98.76(9) .
8.3 Syntheses and Structural Studies of 3-hexene Complexes
A reaction between Mo(NAr)(CH 2CH 2)(OSiPh 3)2 (3) and neat trans-3-hexene
immediately produced an indigo colored hexene complex (equation 7) whose NMR
spectrum in C6 D6 revealed the presence of 2 isomers in the ratio of 4:1. The major isomer
displays two olefinic multiplets between 3.5 and 2 ppm, consistent with the formation of
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Mo(NAr)(OSiPh 3)2(trans-3-hexene) (8a, equation 7). Crystals of 8a could be obtained
through recrystallization of crude 8. An X-ray structural study of the major isomer
reveals it to have the expected structure (Figure 4).
'i-Pr
trans-3-hexene (neat)
20 C, 15 min
- C 2 H4
Ph3Si'
Figure 4. Thermal ellipsoid drawing of 8a. Thermal ellipsoids are displayed at 50%
probability level. Hydrogen atoms are omitted. Selected distances (A) and angles (deg):
Mo(1)-N(1) 1.7337(13) A, Mo(1)-O(1) = 1.9381(11) A, Mo(l)-O(2) = 1.9197(1 1) A,
Mo(l)-C(3) = 2.1509(15) A, Mo(l)-C(4) = 2.1350(15) A, C(3)-C(4) = 1.440(2) A,
Mo(1)-N(l)-C(11) = 174.15(11)', N(l)-Mo(1)-C(3) = 98.17(6)', N(1)-Mo(1)-C(4) =
97.88(6) .
The most logical proposal is for the second isomer of 8 to be Mo(NAr)(cis-3-
hexene)(OSiPh 3)2 (8b). Treatment of 3 with neat cis-3-hexene led to a 1:1 mixture of 8a
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and what we propose to be Mo(NAr)(cis-3-hexene)(OSiPh 3)2 (8b) on the basis of its
mirror symmetry (Figure 5). Over a period of 5 h the mixture evolved into approximately
the same 4:1 mixture of 8a and 8b formed upon treatment of 3 with trans-3-hexene.
Therefore 8a and 8b are in slow equilibrium with the position of that equilibrium being
approximately what one would predict on the basis of the relative energies of the free
olefins.
i-Pr i-Pr i-Pr i-Pr i-Pr i-Pr
N N N
cis-3-hexene || ||
PhaSiO' - 0 Ph3Si*C p iO Mo Ph3SiO, -Mo__
PhASiO 15 mi Ph3SiO Ph3SiO
115 min
4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
1 h
4.0 3.5 3.0 2.5 2.0 1.5 1.0 PPM
4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
Figure 5. Expansion of the 500 MHz 'H NMR spectrum of independently prepared
Mo(NAr)(OSiPh 3 ) 2 (cis-3-hexene) (8b), that has been isomerized to a mixture of
Mo(NAr)(OSiPh 3 ) 2 (trans-3-hexene) (8a) and Mo(NAr)(OSiPh 3 ) 2 (cis-3-hexene) (8b).
After 12 h the IH NMR spectrum reveals other olefinic resonances that
correspond to the initial resonances in the spectrum of Mo(NAr)(2-hexene)(OSiPh 3 ) 2 ,
which is prepared independently from 3 and neat trans-2-hexene (Figure 6). Therefore
we propose that 8a and 8b slowly are converted into a complex mixture that contain
Mo(NAr)(trans-2-hexene)(OSiPh 3 )2 (8c) (2 isomers) and Mo(NAr)(cis-2-
hexene)(OSiPh 3 ) 2 (8d) (2 isomers). An even more complex mixture (up to eight isomers
eventually) is formed when 3 is treated with neat 1-hexene; we propose that Mo(NAr)(1-
hexene)(OSiPh 3 ) 2 forms initially and is then converted into isomers of Mo(NAr)(2-
hexene)(OSiPh
3 ) 2 and Mo(NAr)(3-hexene)(OSiPh 3 ) 2 .
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p trans-2-hexene (neat) 3h loWM ' i
Ph3SiO4 15 mm Ph3SiO Ph3Sio*
cis and trans cis and trans(4 isomers) (2 isomers)
4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
Figure 6. Expansion of the 500 MHz 'H NMR spectrum of independently prepared
Mo(NAr)(OSiPh 3)2(trans-2-hexene) (8c), that has been isomerized to a mixture of
Mo(NAr)(OSiPh 3)2(trans-2-hexene) (8c) (2 isomers), Mo(NAr)(OSiPh 3)2(cis-2-hexene)
(8d) (2 isomers), Mo(NAr)(OSiPh 3)2(trans-3-hexene) (8a) (1 isomer), and
Mo(NAr)(OSiPh3)2 (cis-3-hexene) (8b) (1 isomer).
8.4 Syntheses and Structural Studies of Metallacyclo Species
When a sample of 3 in toluene-d was degassed and exposed to 1 atm of ethylene,
the color changed from purple to red-orange. At 20 'C, two broad resonances were
observed at ~3.1 and -2.5 ppm, which integrate to four protons each (Figure 7). At -20
'C, four resonances are observed at 3.11, 3.06, 2.58, and 2.41 ppm integrating as two
protons each, consistent with formation of the metallacyclopentane species,
Mo(NAr)(C 4Hs)(OSiPh 3)2 (9) (equation 8). When 3 was exposed to 13C-ethylene (~0.5
atm) at 20 'C, two resonances are observed in the 13C NMR spectrum at 72.4 and 37.5
ppm that can be assigned to C, and C, respectively, along with a resonance for the 13C-
labeled ethylene complex (at 55.2 ppm). Although ethylene exchange is facile on the
chemical time scale, this exchange is not rapid on the NMR time scale since a small
amount of 3 can be observed throughout the temperature range shown in Figure 5. It
appears that the fluxional process shown in Figure 5 leads to equilibration of the two
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types of CHa resonances ("upper" and "lower") and the two types of CHP resonances
("upper" and "lower"), but not to interconversion of CH. and CH, resonances or
equilibration of 9 with 3 on the NMR time scale. Compound 9 clearly must form from an
intermediate bis ethylene complex in which the ethylenes are approximately cis to one
another, perhaps through rearrangement of an initial species that has some other structure,
even an initial TBP species that contains ethylenes trans to one another. The fluxional
process observed for 9 is proposed to consist of a five-coordinate rearrangement of either
the intact metallacyclopentane or a Mo(VI) alkenyl hydride species formed from the
metallacyclopentane through reversible P hydride elimination. The fact that CH, and
CH, resonances do not exchange eliminates the possibility of formation of a bisethylene
species in which one or both ethylenes can rotate about the Mo(ethylene) bond axis. The
fluxional process has been investigated by line-shape analyses of the p-protons. The
activation parameters for the exchange of the @-protons were obtained from the Eyring
plot: AH1 = 18.0(0.3) kcal/mol and ASI = 15.6(1.2) eu. The large and positive entropy of
activation is consistent with significant disorder in the transition state, and therefore
would favor formation of an alkenyl hydride intermediate.
ii-Pr i-Pr
N C2H4 (1 atm) N
Ph 3 iO~~Mo.~/ ~===~ Ph 3SiO1aa..MO ~~ (8)Ph3SiO toluene-d8  Ph3 Sio (8
3 22 C, 10 min 9
X-ray quality crystals of 9 were grown from a pentane:toluene (10:1) solution of 9
at -35 'C under 1 atm of ethylene. A drawing of the structure of 9 is shown in Figure 8.
Complex 9 has an approximate square pyramidal coordination geometry, with the imido
ligand occupying the apical position. It is similar to the structure of a
molybdacyclopentane reported by Boncella. 15 The Mo(1)-C(1) and Mo(1)-C(4) bonds
(2.176(3) and 2.200(3) A) are typical of Mo-C single bonds and the C(l)-C(2), C(2)-
C(3), and C(3)-C(4) bond lengths (1.513(5), 1.526(5), and 1.524(5) A, respectively) are
typical of C-C single bonds.
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MoCH.
MoCHCH,
20 *C
-10 0 C
-10 C 
- _ -
-
-20 *C
............. .. . ....... I....
4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 ppm
Figure 7. Variable-temperature H NMR spectroscopic studies of
Mo(NAr)(OSiPh 3)2(C4H8) (9) in toluene-d under 1 atm of ethylene.
When a sample of Mo(NAr)(CHCMe 2Ph)(OSiPh 3)216 in toluene-ds was degassed
and exposed to 1 atm of ethylene, four broad peaks were observed at 3.38, 2.86, 2.23, and
1.24 ppm in the ratio of 1:1:2:2, consistent with the formation of the square pyramidal
molybdacylobutane species, Mo(NAr)(C 3H6)(OSiPh 3)2(10) (equation 9). When
Mo(NAr)(CHCMe 2Ph)(OSiPh 3)2 was exposed to 13 C-ethylene (-0.5 atm) at 20 'C, two
doublet resonances were observed in the 13C NMR spectrum at 37.6 ppm (Jcc = 33 Hz,
JCH = 138 Hz) and 27.8 ppm (Jcc = 33 Hz, JCH = 132 Hz), corresponding to C.. and C,,
respectively, in a square pyramidal metallacyclobutane species.17 Although 10 can be
isolated, after 1 day at room temperature Mo(NAr)(CH 2CH 2)(OSiPh 3)2 (3) and
Mo(NAr)(C 4Hs)(OSiPh 3)2 (9) are also found in a solution of 10 as a consequence of
decomposition of unobserved Mo(NAr)(CH 2)(OSiPh 3)2 (Figure 9).
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C(3)
Figure 8. Thermal ellipsoid drawing of 9. Thermal ellipsoids are displayed at 50%
probability level. Hydrogen atoms are omitted. Selected distances (A) and angles (deg):
Mo(l)-N(l) = 1.719(2) A, Mo(1)-O(1) = 1.911(2) A, Mo(1)-O(2) = 1.880(2) A, Mo(1)-
C(1) = 2.176(3) A, Mo(1)-C(4) = 2.200(3) A, C(1)-C(2) = 1.513(5) A, C(2)-C(3) =
1.526(5) A, C(3)-C(4) = 1.524(5) A, Mo(1)-N(1)-C(11) = 175.2(2)0, C(1)-Mo(1)-C(4)
= 71.86(13)*.
I -Pr i-Pr i-Pr i-Pr
N C2H4 (1 atm) N
~~~eP W hSiI-,O (9)PhaSiOW'"MogC, ePh Ph3SiOn"--M ;;;?
Ph3SiO toluene-dB PhaSiO22 *C, 10 min 10
- CH 2CHCMe 2Ph
8.5 Reactivity of Olefin Complexes with Terminal Olefins
Olefin exchange and double bond isomerization would suggest that linear olefins
can be isomerized catalytically. In fact, treatment of 2 with 20 equivalents of 1 -decene in
C6 D6 (15 mM) at room temperature led to resonances near 5.5 ppm characteristic of
internal olefins. Upon heating the sample for a period of two days at 85 0C, the 1-decene
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was converted almost completely to internal olefins according to 'H NMR spectroscopic
studies shown in Figure 10.
i-Pr ' 'i-Pr
C2H4 (1 atm)
22 *C
5 days
~-II
4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 ppM
Figure 9. Expansion of the 500 MHz 1H NMR spectrum of the decomposition products
of Mo(NAr)(OSiPh3)2(C3H6) (10) in toluene-ds after 5 days at 20 'C.
A similar reaction was observed between Mo(NAr)(CH2CH2)[OCH(CF3)2]2(Et20)
and 20 equiv of 1-octene in C6D6, at 100 *C for 18 h (90% conversion to internal
olefins). 18 A GC-Mass spectrum of the internal olefins revealed that olefins from CsH16 to
C20H40 are present, with C13 and C14 being the most abundant; chains longer than Cis
constitute a relatively small portion of the mixture. Hydrogenation of the olefins in this
mixture (Pd/C catalyst) converted all isomers of any internal olefin to a single linear
alkane, which suggests that all internal olefins are linear. A GC-mass spectrum of a
standard of linear alkanes CsHis to C14H3o matched the GC-mass spectrum obtained for
the hydrogenated mixture in retention time, peak shape, and fragmentation patterns for
each alkane.
. ....................................... :::::.::  ...................
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9) 10 min, 22 OC
b) 1 h,85 -C
CA
C) 10 h, 85 O
d) 2 ays, 85 I'C
Figure 10. 1H NMR spectroscopic
Mo(NAr)(CH 2CH 2)(Me 2Pyr)(OSiPh 3) (2)
studies to monitor the
(5 mol%) and 1-decene.
reaction between
Mixtures of linear olefins most likely form through metathesis reactions. When 8
was treated with 1 atm of ethylene, the molybdacylopentane species 9 was observed
immediately, along with free trans-3-hexene. After 2 weeks at room temperature, 1-
butene was observed in the 'H NMR spectrum of the reaction mixture (Figure 11). When
3C-ethylene was employed, a singlet at 113.4 ppm for 13CH 2=CHCH 2CH3 was observed
in the 13C NMR spectrum of the reaction mixture, consistent with its formation through a
metathesis reaction of trans-3-hexene with 13CH 213CH2. After another week at room
temperature, 13CH2=CHCH 3 (115.9 ppm), 13 CI- 3CH=CHCH3 and 13CH2=CH13 CH3 (19.3
and 18.0 ppm) were observed in the reaction mixture, all of which are consistent with
isomerization of 1-butene to 2-butene, followed by reaction of 2-butene with 13CH 213CH 2
(Figure 12). All observations are consistent with very slow metathesis of olefins over a
period of weeks.
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.............. :X : ........ I ............... ........................ ....
C2H4 (1 atm)[Mo]
1 week
2 2
C2H4 (1 atm)[Mo]
2 weeks
5.5 5.0 4.5 4.0 3.5 3.0 2.5
Figure 11. Expansion of the 500 MHz 'H NMR spectrum of the reaction mixture of
Mo(NAr)(OSiPh 3)2(trans-3-hexene) (8a) and 1 atm of ethylene. Formation of 1-butene,
2-butene, and propene is observed by 'H NMR spectroscopy.
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C2H4 (1 atm)
toluene-d8
22 *C
10 min
6.0 2.0 1.5 ppM
I
........... .. Oilli
*C2H4 (0.4 atm)
toluene-d8
22 *C
10 min
*C2H4 (0.4 atm)
2 weeks
+ * 
*
*C2H (0.4 atm)
S[Mo]
1 week
140 130 120 110 100 90 80 70 60 50 40 30 pm
Figure 12. 125 MHz 13C NMR spectrum of the reaction mixture of
Mo(NAr)(OSiPh3)2(trans-3-hexene) (8a) and 0.4 atm of 13 C-ethylene. Formation of
labeled 1-butene, 2-butene, and propene is observed by "3C NMR spectroscopy.
DISCUSSION
It is clear from the work reported here that molybdenum ethylene complexes can
be the product of "reduction" of the metal upon exposure of MLAP species, or
bisalkoxides, to ethylene. These results are similar to what has been observed in solution
in Mo or W biphenolate or binaphtholate systems.3'' The two most likely mechanisms
for formation of ethylene complexes are rearrangement of a molybdacyclobutane
complex to an olefin (e.g., rearrangement of the unsubstituted metallacyclobutane to
propylene) or bimolecular coupling of methylidene species. Both experimental3a and
theoretical evidence (for high oxidation state Re, Mo, and W systems on silica1 9,20)
suggest that ethylene assists metallacycle rearrangement. Calculations suggest that the
mechanism consists of ethylene accepting a P hydride from the metallacyclobutane ring
and donating it back to an a carbon of the allyl intermediate. Since bis- X-methylidene
species and a bis-[t-ethylene species have been structurally characterized in one high
oxidation state tungsten system, 5 formation of the final ethylene complex is likely to
...... .............................. ...........
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involve ethylene attack on the bis-[t-ethylene species to give two equivalents of the
ethylene species (equation 10) rather than formation of one equivalent of the ethylene
species and a high energy three-coordinate intermediate that is then captured by ethylene.
Restricting ethylene from the coordination sphere at the point where it is required for the
last step (shown in equation 10) could be one of the reasons why MAP methylidene
species that contain relatively bulky aryloxides are relatively stable toward
decomposition reactions and lead to long-lived methylidene complexes and long-lived
catalysts in the presence of ethylene. 9g
H2
ArN C Me 2pyr
Mo Mo-OR 10 2 Mo(NAr)(C 2H4)(Me 2Pyr)(OR) (10)Me 2pyrO C NAr
H2
Other important findings reported here include facile catalytic isomerization of
olefins. We propose that olefins are isomerized via allylic CH activation to give an allyl
intermediate (a or 7r). However, it is not necessarily true that the H is transferred to the
metal, as shown in equation 11. Another possibility is for H to be transferred to the imido
nitrogen to yield an intermediate Mo(IV) allyl amido species. However, for the purposes
of discussion we will choose the proposal shown in equation 10. This oxidative addition
mechanism of isomerizing olefins is one of the classic methods of olefin isomerization
that has been documented for decades.2 '
H
M + CH 2=CHCH 2R 0 M/ R i M + CH 3CH=CHR (11)
An important question is how an alkylidene, albeit only traces of it, is formed.
Some of the leading candidates for forming an alkylidene from an ordinary olefin at a
single metal center include addition of H from an external or internal source (e.g.,
through CH activation in a ligand) to the olefin to give an alkyl followed by a abstration
of H from the alkyl, e.g., as shown in equation 12.12,13,14 (For convenience, the "+H" and
"-H" nomenclature is meant to encompass reactions that involve M-H species and other
possible mechanistic variations, e.g., transfer of H to and from another ligand through CH
activations, etc.) A second possible general mechanism of forming an alkylidene is to
form an allyl hydride complex followed by a metallacyclobutane ring; an example is
shown in equation 13. Formation of a metallacyclobutane could be an alternative
consequence of formation of an olefin isomer from an allyl hydride intermediate
(equation 11). The third possibility is to form and contract a metallacyclopentane ring to
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a metallacyclobutane ring and then lose the olefin to form the alkylidene, e.g., as shown
22,23
in equation 14. Unfortunately, we have not been able to think of a means of
determining exactly which process is (or processes are) responsible for formation of
alkylidenes in the systems reported here, or confirming that they are imido alkylidenes.
+H +H
M -- -- M 0 M R ( 1 2 )
R
H R
M----- RM - 6 Mo. alkylidene plus olefin (13)
H +. H
M D -N M +H M W alkylidene plus olefin (14)
The results presented here are related to others we have uncovered in which
Mo(IV) or W(IV) compounds slowly catalyze typical metathesis reactions. As mentioned
in the introduction, one is a homologation of a vinyl tin species to an allyl tin species in
the presence of ethylene and Mo(NAr)(CH 2CH 2)(Biphen) 7 as a catalyst. A mechanism
was proposed that involved contraction of a "mixed" metallacyclopentane ring containing
ethylene and the vinyl tin species to a metallacyclobutane ring. Complexes that contain
an unsupported M=M double bond (M = Mo or W) such as [Mo(NAr)(CH 2-t-
Bu)(OC6 F5 )]2 (Ar = 2,6-i-Pr2C6H3) or {W(NAr')[OCMe 2(CF 3)]2}2 (Ar' = 2,6-Me2C6H3)
also will slowly catalyze olefin metathesis reactions.8 However, it was estimated that only
a relatively small amount (-2%) of the M=M species was "activated" by the olefin.
Finally, an ethylene complex mentioned earlier in this paper, Mo(N-2,6-
C12C6H3)(CH 2CH2)(rac-Biphen)(ether), is inactive for ring-closing of diallyl ether over a
period of 10 days at 22 0C, but when 10 equivalents of norbornene were added to a
benzene solution of 5 mol% Mo(NArcI)(CH 2CH 2)(rac-Biphen)(ether) and diallyl ether, a
56% yield of 2,4-dihydrofuran was obtained in 10 days.
The results reported here also suggest that formation of Mo(IV) species as
products of decomposition of metathesis catalysts could lead to isomerization of double
bonds in metathesis substrates or products. However, metathesis usually is several orders
of magnitude faster than olefin isomerization. Yet there may be some circumstances in
which "reformation" of alkylidenes from olefins contributes to catalyst activity over the
long term, e.g., "alkane metathesis," which is usually carried out at temperatures of 125'
or more.24 Eventually, however, decomposition processes that involve destruction of the
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basic structure of an imido alkylidene catalyst will lead to irreversible loss of metathesis
activity.
CONCLUSIONS
All of the observations suggest that (i) olefin complexes of the type
M(NAr)(X)(Y)(olefin) can form readily; (ii) exchange of olefins at Mo(IV) centers is
facile; (iii) isomerization of olefins at Mo(IV) centers is facile; and (iv) traces of
metathesis catalysts are formed. We propose that the metathesis catalysts are of the type
M(NAr)(X)(Y)(alkylidene), but that the amounts present are in the undetectable range
(<1%).
EXPERIMENTAL
General. All manipulations of air and moisture sensitive materials were
conducted under a nitrogen atmosphere in a Vacuum Atmospheres drybox or on a dual-
manifold Schlenk line. Glassware, including NMR tubes, were oven-dried prior to use.
Ether, pentane, toluene, dichloromethane, toluene and benzene were degassed with
dinitrogen and passed through activated alumina columns and stored over 4 A Linde-type
molecular sieves. Dimethoxyethane was vacuum distilled from a dark purple solution of
sodium benzophenone ketyl, and degassed three times by freeze-pump-thaw technique.
Deuterated solvents were dried over 4 A Linde-type molecular sieves prior to use. Proton
and carbon NMR spectra were acquired at room temperature (unless otherwise noted)
using Varian spectrometers and referenced to the residual 'H/ 13C resonances of the
deuterated solvent ('H: CDCl 3, 8 7.26; C6D6, 8 7.16; CD 2Cl 2 , 6 5.32; C7D8, 6 7.09, 7.00,
6.98, 2.09. 13C: CDCl 3, 6 77.23; C6D6 , 8 128.39; CD 2Cl2, 6 54.00; C7D8, 6 137.86,
129.24, 128.33, 125.49, 20.4) and are reported as parts per million relative to
tetramethylsilane. Elemental analyses were performed by Midwest Microlab,
Indianapolis, Indiana. General synthetic procedures can be found in earlier papers that
concern MAP catalysts.9
Mo(NAr)(CHCMe 2Ph)(2,5-Me 2NC 4H2)(OSiPh 3) (1). A cold solution of
Ph 3SiOH (149 mg, 0.54 mmol, 1 equiv) in 5 mL diethyl ether was added dropwise to a
cold solution of Mo(NAr)(CHCMe 2Ph)(2,5-Me 2NC 4H2)2 (319 mg, 0.54 mmol, 1 equiv)
in 5 mL of diethyl ether. The reaction mixture was stirred at room temperature for 30
minutes and the volatile components were removed in vacuo. The resulting orange solid
was recrystallized from diethyl ether to give 259 mg of orange crystals; yield 62%: 'H
NMR (500 MHz, CD 2 Cl 2 ) 6 11.85 (s, 1H, syn Mo=CH, JCH = 120.4 Hz), 7.54-7.08 (m,
23H, Ar), 5.79 (s, 2H, NC4H2), 3.72 (sept, 2H, MeCHMe, J= 7.0 Hz), 2.11 (s, 6H, CH 3),
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1.62 (s, 3H, CH 3), 1.52 (s, 3H, CH 3), 1.06 (app d, 6H, MeCHMe), 0.96 (br, 6H,
MeCHMe); 13C NMR (125 MHz, CD 2 Cl 2) 8 286.7, 153.4, 148.6, 147.5, 136.4, 135.7,
135.5, 130.6, 130.4, 128.6, 128.4, 126.5, 126.3, 123.5, 109.7, 108.9, 108.1, 54.9, 31.9,
30.6, 30.4, 29.1, 23.8 (br), 17.3 (br). Anal. Calcd for C4 6H52MoN 2OSi: C, 71.48; H, 6.78;
N, 3.62; Found: C, 71.44; H, 6.69; N, 3.75.
Mo(NAr)(CH 2CH2)(2,5-Me 2NC 4H2)(OSiPh 3) (2). Compound 2 was prepared by
treating Mo(NAr)(CHCMe 2Ph)(2,5-Me 2NC 4H2)(OSiPh3) (250 mg, 0.32 mmol) with
ethylene in 5 mL of diethylether. The dark red precipitate was collected and recrystallized
from diethylether; yield 150 mg, 70%: 'H NMR (500 MHz, C6D6) 6 7.89 (dd, 6H, Ar, J=
7.5 Hz, 2.0 Hz), 7.24-7.14 (m, 9H, Ar), 6.94-6.83 (m, 3H, Ar), 5.00-6.00 (br, 2H,
NC4H2), 3.71 (sept, 2H, MeCHMe, J= 6.5 Hz), 2.87 (m, 1H, C2H 4), 2.70 (m, 1H, C2H4),
2.20 (m, 2H, C2H4), 2.11 (br s, 6H, CH3), 1.10 (d, 6H, MeCHMe, J = 7.0 Hz), 1.00 (d,
6H, MeCHMe, J = 7.0 Hz); 13C NMR (125 MHz, C6D6 ) 8 153.8, 145.8, 141.3, 136.3,
135.9, 129.5, 128.7, 128.1, 127.9, 57.9, 56.8, 28.3, 25.6, 23.2, 17.0. Experiments
employing 13C 2H4 revealed ethylene carbon resonances at 56.8 and 57.9 ppm (JCH = 153
Hz and Jcc = 37 Hz). Anal. Calcd for C38H44MoN 2OSi: C, 68.24; H, 6.63; N, 4.19;
Found: C, 68.18; H, 6.60; N, 3.84.
Mo(NAr)(CH 2CH 2)(OSiPh 3)2 (3). Mo(NAr)(CH 2CH 2)(2,5-Me 2NC4H2)(OSiPh 3)
(25.6 mg, 0.038 mmol, 1 equiv) and Ph 3SiOH (10.6 mg, 0.038, 1 equiv) were transferred
to a 20 mL vial equipped with a magnetic stir bar. Pentane (7 mL) and diethyl ether (0.1
mL) were added. The color of the reaction mixture changed from red to purple. The
reaction mixture was stirred at room temperature until triphenylsiloxide was completely
consumed. The reaction mixture was stored at -35 'C and 20 mg of purple crystals were
obtained; yield = 61%: 'H NMR (500 MHz, C6 D6) 6 7.77 (d, 12H, Ar), 7.20-7.10 (m,
18H, Ar), 6.98-6.89 (m, 3H, Ar), 3.69 (sept, 2H, MeCHMe, J= 6.9 Hz), 2.74 (app q, 2H,
C2H4, J = 6.2 Hz, 5.6 Hz), 1.99 (app q, 2H, C2H4 , J = 6.2 Hz, 5.6 Hz), 1.00 (d, 12H,
Me2CHMe2, J= 7.0 Hz); 13C NMR (125 MHz, C6 D6) 6 154.6, 146.7, 137.6, 135.9, 130.3,
128.5, 123.4, 55.2, 29.7, 24.0. Experiments employing 13C 2H4 revealed the resonance at
55.2 ppm to be that for ethylene carbons (JCH = 155 Hz). Anal. Calcd for
C5oH5iMoN 2 OSi 2 : C, 70.65; H, 6.05; N, 1.65; Found: C, 70.61; H, 6.14; N, 1.86.
Mo(NAr)(CH 2CH 2)(OTf)2(dme) (4a). Ethylene (60 psi) was added to a solution
of Mo(NAr)(CHCMe 2Ph)(OTf) 2(dme) (0.800 g, 1.1 mmol) in 10 mL of toluene. The
reaction mixture was heated to 80 'C for two days under a 60 psi of ethylene. Red
crystals (0.646g, yield = 86%) were isolated directly from the reaction via filtration. The
product is a mixture of cis and trans isomers in the ratio of -2: 1, as determined by 'H and
19F NMR spectroscopy studies: 'H NMR (500 MHz, C6 D) cis-4 - selected resonances -
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6 3.93-3.84 (m, 1H), 3.82-3.73 (m, 1H), 3.53 (s, 3H, OMe), 3.35 (s, 3H, OMe), 1.15 (d,
6H, Me2CHMe2, J = 7.0 Hz), 0.98 (d, 6H, Me2CHMe2, J = 7.0 Hz); IH NMR (500 MHz,
C6D6 ) trans-4 - selected resonances - 6 3.08 (s, 3H, OMe), 2.95 (s, 3H, OMe), 1.26 (d,
12 H, Me2CHMe2, J= 7.0 Hz); 13 C NMR (125 MHz, C6D6) 6 151.0, 139.4, 124.7, 124.3,
77.4, 72.3, 70.7, 70.2, 69.2, 64.2, 63.1, 28.6, 25.4, 24.9, 23.7; 19F (282 MHz, C6D6 ) 6 -
78.3, -78.3, -78.6. Anal. Calcd for C2oH3 1F6MoNO8 S2 : C, 34.94; H, 4.54; N, 2.04;
Found: C, 35.24; H, 4.58; N, 2.06.
Mo(NAd)(CH 2CH2)(OTf) 2(dme) (4b). A 100 mL Schlenk round bottom flask
equipped with a side arm and a magnetic stir bar was charged with solid
Mo(NAd)(OTf) 2(CH 2CH 2)(dme) (354 mg) and 10 mL benzene. The reaction mixture was
degassed (3 x) and then exposed to 1 atmosphere of ethylene. The reaction mixture was
heated at 60 'C for 6 h. The volatiles were removed under vacuum and the yellow solid
generated was washed with diethyl ether. 155.4 mg of yellow solid were obtained (yield
= 71%). The product obtained is a mixture of cis and trans isomers in the ratio of -2 : 1,
as determined by 'H and 19F NMR spectroscopy studies: 'H NMR (500 MHz, C6D6)
3.95-3.80 (m), 3.51 (s, OMe), 3.47 (s, OMe), 3.45-3.40 (m), 3.33 (s, OMe), 3.14 (s,
OMe), 2.95-2.65 (m), 2.58-2.45 (m), 2.26-2.17 (m), 2.11 (br), 1.77 (br), 1.31 (br); 13 C
NMR (125 MHz, C6D6) 6 78.3, 77.4, 72.9, 72.6, 71.7, 69.9, 69.8, 67.6, 65.8, 64.2, 63.0,
60.9, 41.9, 41.1, 35.8, 35.7, 29.4, 29.3; 19F (282 MHz, C6D6) 6-77.5, -77.8, -78.3. Anal.
Caled for Ci8H29F6MoNO8 S2: C, 32.68; H, 4.42; N, 2.12; Found: C, 33.26; H, 4.44; N,
2.00.
Mo(NAr)(CH 2CH 2)(i '-2,5-Me 2NC 4H2)(i 5-2,5-Me 2NC 4H2) (5). A 25 mL
Schlenk round bottom flask equipped with a side arm and a magnetic stir bar was charged
with solid Mo(NAr)(OTf) 2(CH 2CH 2)(dme) (156 mg, 0.23 mmol, 1 equiv), and lithium
2,5-dimethylpyrrolide (46 mg, 0.46 mmol, 2 equiv). The flask was degassed and 5 mL of
diethyl ether were vacuum transferred into it. The reaction mixture was allowed to warm
up and room temperature and then immediately exposed to 1 atm of ethylene. The
mixture was allowed to stir at room temperature for 3 h. The volatile materials were
removed under vacuum. Benzene was added and the reaction mixture was filtered
through Celite. The volatile materials were removed and the residue was recrystallized
from pentane to give 58.3 mg of red crystals; yield = 52%: 'H NMR (500 MHz, C6D6 ) 6
6.90-6.78 (m, 3H, Ar), 6.51 (s, 2H, NC 4H2), 5.76 (s, 1H, NC4H2), 5.27 (s, 1H, NC4H2),
3.34 (sept, 2H, MeCHMe, J = 6.8 Hz), 3.06-2.96 (m, 1H, C2H4 ), 2.78-2.68 (m, 1H,
C2H4 ), 2.66-2.56 (m, 1H, C2H4), 2.33-2.23 (m, 1H, C2H4), 2.52 (s, 3H, CH 3), 2.44 (s,
3H, CH 3), 1.88 (s, 3H, CH 3), 1.65 (s, 3H, CH 3), 1.05 (d, 6H, MeCHMe, J= 6.8 Hz), 1.00
(d, 6H, MeCHMe, J= 6.8 Hz); 13C NMR (125 MHz, C6D6) 6 152.0, 151.6, 147.9, 139.8,
176
Chapter 8
139.1, 139.6, 123.9, 112.3, 110.9, 103.7, 100.7, 99.4, 51.3, 48.1, 28.0, 25.5, 23.3, 21.0,
20.1, 17.2, 14.6. Experiments employing 3C2H4 revealed the resonances at 51.3 ppm and
48.1 ppm to be those for ethylene carbons (JCH = 157 Hz for each). Anal. Calcd for
C26H37MoN 3 : C, 64.05; H, 7.65; N, 8.62; Found: C, 63.47; H, 7.52; N, 8.44.
Mo(NAr)(CH 2CHPh)(2,5-Me 2NC 4H2)(OSiPh 3) (6). A 25 mL Schlenk round
bottom flask equipped with a side arm and a magnetic stir bar was charged with solid
Mo(NAr)(CH 2CH 2)(2,5-Me 2NC4H2)(OSiPh 3) (306 mg, 0.458 mmol). Styrene, freshly
dried over CaH2, was vacuum transferred into the Schlenk flask. The reaction mixture
was allowed to stir at room temperature for 15 min. The volatiles were removed in vacuo.
Pentane (5 mL) was added and the reaction mixture was placed at -35 'C; 252 mg of
grey solid product was isolated (yield 74%): 'H NMR (500 MHz, C7D8 ) - four isomers;
selected peaks - 8 4.23 (t, 1H, CH 2=CHPh, J= 11.5 Hz), 4.16 (t, 1H, CH 2=CHPh, J=
11.5 Hz), 3.80 (br), 3.74-3.20 (m), 3.08 (dd, 1H, CH 2=CHPh, J= 11.5, 6.5 Hz), 2.97 (dd,
1H, CH 2=CHPh, J= 11.5, 6.0 Hz), 2.87-2.79 (m), 2.72 (dd, 1H, CH 2=CHPh, J= 12.2,
6.0 Hz), 2.63-2.56 (m), 2.40 (dd, 1H, CH2=CHPh, J= 11.5, 6.5 Hz), 2.22 (s, Me), 2.09
(s, Me), 1.94 (s, Me), 1.89 (br), 1.83 (s, Me), 1.33 (d, 6H, MeCHMe, J= 6.5 Hz), 1.17 (d,
6H, MeCHMe, J= 6.5 Hz), 1.12 (d, 6H, MeCHMe, J= 6.5 Hz), 0.95 (d, 6H, MeCHMe, J
= 6.5 Hz), 0.83 (d, 6H, MeCHMe, J = 6.5 Hz); 13 C NMR (125 MHz, C7D8) 6 154.6,
154.0, 151.8, 147.0, 146.7, 146.5, 146.1, 146.0, 141.5, 141.0, 139.8, 138.4, 136.4, 136.3,
130.0, 129.8, 128.9, 128.3, 128.0, 127.0, 126.2, 124.0, 123.8, 123.6, 113.9, 109.2 (br),
104.1, 76.8, 73.7, 66.8, 60.0, 57.9, 57.7, 56.7, 54.6, 29.1, 28.7, 28.6, 26.2, 25.6, 25.3,
24.1, 23.6, 23.4, 17.4. Anal. Calcd for C44H4 8MoN 2OSi: C, 70.94; H, 6.49; N, 3.76;
Found: C, 70.62; H, 6.67; N, 3.75.
Mo(NAr)(CH 2CHPh)(OSiPh3)2 (7). Method A: A 25 mL Schlenk round bottom
flask equipped with a side arm and a magnetic stir bar was charged with solid
Mo(NAr)(CH 2CH 2)(OSiPh 3)2 (60 mg, 0.0706 mmol). Styrene, freshly dried over CaH2,
was vacuum transferred to the Schlenk flask. The reaction mixture changed immediately
from purple to green. The volatiles were then removed in vacuo and after recrystallization
from pentane, 64 mg of green crystals were generated (yield = 98%).
Method B: Mo(NAr)(CH 2CHPh)(2,5-Me 2NC4H2)(OSiPh 3) (41.5 mg, 0.056
mmol, 1 equiv) and Ph3SiOH (15.4 mg, 0.056, 1 equiv) were transferred to a 20 mL vial
equipped with a magnetic stir bar. Pentane (5 mL) and 0.1 mL of diethyl ether were
added. The color of the reaction mixture changed from red to green. The reaction mixture
was stirred at room temperature until the starting material was completely consumed. The
reaction mixture was placed at -35 'C, and 44.1 mg of green crystals were obtained
(yield 85%): 'H NMR (500 MHz, C6D6) - major isomer (67%) - 6 7.79 (d, 6H, Ar, J =
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6.5 Hz), 7.73 (d, 6H, Ar, J= 6.5 Hz), 7.30-6.60 (m, 26H, Ar), 3.58 (t, 1H, CH2=CHPh, J
= 12.3 Hz), 3.41 (sept, 2H, MeCHMe, J= 6.8 Hz), 3.28 (dd, 1H, CH2=CHPh, J= 12.3,
6.4 Hz), 2.44 (dd, 1H, CH2=CHPh, J= 12.3, 6.4 Hz), 0.98 (d, 6H, MeCHMe, J= 6.8 Hz),
0.75 (d, 6H, MeCHMe, J = 6.8 Hz); - minor isomer (33%) - 6 7.75 (d, 6H, Ar, J = 6.5
Hz), 7.47 (d, 6H, Ar, J = 6.5 Hz), 7.30-6.60 (m, 26H, Ar), 4.64 (t, 1H, CH2=CHPh, J=
10.9 Hz), 3.72 (sept, 2H, MeCHMe, J= 6.8 Hz), 2.99 (dd, 1H, CH 2=CHPh, J 10.9, 6.7
Hz), 2.26 (dd, 1H, CH2=CHPh, J= 10.9, 6.7 Hz), 1.02 (d, 6H, MeCHMe, J= 6.8 Hz),
0.96 (d, 6H, MeCHMe, J = 6.8 Hz); 13 C NMR (125 MHz, C6D6) - major and minor
isomers - 8 154.8, 154.0, 148.1, 147.1, 145.6, 144.7, 137.7, 137.5, 137.5, 137.2, 136.2,
136.1, 136.0, 135.9, 130.5, 130.4, 130.3, 130.0, 129.0, 128.7, 128.6, 128.5, 128.3, 128.0,
126.8, 126.2, 125.9, 125.7, 123.5, 123.3, 77.0, 73.0, 54.3, 52.1, 29.7, 29.4, 25.1, 24.7,
23.7, 23.0. Anal. Calcd for C56H55MoO 2Si 2 : C, 72.62; H, 5.99; N, 1.51; Found: C, 72.71;
H, 6.01; N, 1.47.
Mo(NAr)(trans-3-hexene)(OSiPh 3)2 (8). A 1 dram vial was charged with solid
Mo(NAr) (CH 2CH 2) (OSiPh 3)2 (96 mg, 0.113 mmol). Addition of neat trans-3-hexene
(100 tL) led to a color change from purple to indigo. Pentane (0.1 mL) was added and
indigo crystals formed and were filtered off. The crystals were washed with pentane and
dried in vacuo; yield 69 mg (67%): 1H NMR (500 MHz, C6D6) - major isomer 8a (80%)
selected peaks - 6 7.79 (t, 12H, Ar, J= 6.7 Hz), 7.26-7.04 (m, 18H, Ar), 7.00-6.88 (m,
3H, Ar), 3.82 (sept, 2H, MeCHMe, J= 6.8 Hz), 3.49-3.32 (m, 1H), 2.42-2.30 (m, 1H),
2.20-2.03 (m, 1H), 2.03-1.91 (m, 1H), 1.75-1.62 (m, 1H), 1.42-1.32 (m, 1H), 1.11 (d,
6H, MeCHMe, J= 6.8 Hz), 0.97 (d, 6H, MeCHMe, J= 6.8 Hz), 0.94 (t, 3H, MeCH2CH=,
J= 7.3 Hz), 0.89 (t, 3H, MeCH2CH=, J = 7.3 Hz); - minor isomer 8b (20%) selected
peaks - 6 3.75 (sept, 2H, MeCHMe, J = 6.8 Hz), 2.68 (m, 2H, MeCH 2CH=), 1.00 (d,
12H, MeCHMe, J= 6.8 Hz); 13 C NMR (125 MHz, C6D6) - major and minor isomers - 6
153.6, 147.3, 138.3, 137.4, 136.1, 136.0, 135.8, 130.4, 130.1, 128.7, 128.4, 128.3, 123.5,
78.1, 77.3, 33.8, 29.8, 28.4, 25.4, 23.0, 20.0, 18.6. Anal. Calcd for C54 H59MoO 2 Si2 : C,
71.57; H, 6.56; N, 1.55; Found: C, 71.67; H, 6.65; N, 1.59.
Mo(NAr)(C 4H8)(OSiPh3)2 (9). A J-Young NMR tube was charged with a
solution of Mo(NAr) (CH 2CH 2)(OSiPh 3)2 (15 mg) in 0.6 mL of pentane and 0.1 mL of
diethyl ether. The NMR tube was degassed three times and filled with 1 atm of ethylene.
After 10 minutes at room temperature, the reaction mixture had changed from purple to
red-orange. The NMR tube was stored at -35'C to give orange crystals; 5.0 mg, 32%
yield. X-ray quality crystals of 10 were grown from a pentane:toluene solution (10:1) of
10 at -35 'C under 1 atm of ethylene: 'H NMR (500 MHz, C7Ds, -20 0 C) 6 7.72 (d, 12H,
Ar, J= 7.3 Hz), 7.16 (t, 6H, Ar, J= 7.3 Hz), 7.07 (t, 12H, Ar, J= 7.3 Hz), 7.02-6.91 (m,
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3H, Ar), 3.85 (sept, 2H, MeCHMe, J = 7.0 Hz), 3.11 (br, 2H, MoCH 2), 3.06 (br, 2H,
MoCH 2), 2.58 (br, 2H, MoCH 2CH 2), 2.41 (br, 2H, MoCH2CH 2), 1.04 (d, 12H, MeCHMe,
J = 7.0 Hz). Anal. Calcd for Cs2H 55MoO 2 Si2 : C, 71.12; H, 6.31; N, 1.60; Found: C,
71.50; H, 6.48; N, 1.40.
When 13C 2H4 (-0.5 atm) was used the following resonances were observed for the
metallacyclopentane carbons; 13C NMR (125 MHz, C7D8, -20 0C) 8 72.4 (MoC.), 37.5
(MoC"C,).
Mo(NAr)(C 3H6)(OSiPh 3)2 (10). A J-Young NMR tube was charged with a
suspension of Mo(NAr)(OSiPh 3)2(CHCMe 2Ph)16 (9 mg) in 0.6 mL of pentane. The
suspension was degassed (3 x) and then exposed to 1 atm of ethylene. The reaction
mixture was placed at -35 0C. Red crystals (5.3 mg) were generated (yield = 65%). 1H
NMR (500 MHz, C7D8) - selected peaks - 6 3.73 (sept, 2H, MeCHMe, J = 6.8 Hz), 3.38
(br, 1H, MoCH), 2.86 (br, 1H, MoCH), 2.23 (br, 2H, MoCH 2), 1.24 (br, 2H,
MoCH2CH 2), 1.00 (d, 12H, MeCHMe, J= 6.8 Hz); When 13C 2H4 (~0.5 atm) was used the
following peaks were observed corresponding to the square-pyramidal
molybdacyclobutane carbons; 13C NMR (125 MHz, C7Ds) 6 37.6 (d, Jcc = 33 Hz, JCH =
138 Hz, MoC), 27.8 (d, Jcc = 33 Hz, JCH = 132 Hz, MoC.C,). Anal. Calcd for
C51H53MoO 2 Si 2: C, 70.89; H, 6.18; N, 1.62; Found: C, 71.30; H, 6.48; N, 1.40.
Crystal Structure Determinations. All structures were solved by direct methods
using SHELXS25 and refined against F2 on all data by full-matrix least squares with
26 . -.- 27SHELXL-97 using established refinement techniques. For details see Supporting
Information.
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Table 1. Crystal data and structure refinement for Mo(NAr)(C 2H4)(Me2Pyr)(OSiPh 3) (2).
Identification code 08364
Empirical formula C38H44MoN2OSi
Formula weight 668.78
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P21ic
Unit cell dimensions a = 15.983(3) A Y 900
b = 12.021(2) A 109.306(3)(
c 18.730(4)A
Volume 3396.3(12) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 0 max
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(1)]
R indices (all data)
Largest diff. peak and hole
4
1.308 g/cm 3
0.453 mm-1
1400
0.45 x 0.30 x 0.05 mm3
1.35 to 27.43'
-20 < h < 19, 0 < k < 15, 0 < 1 < 24
7725
7725 [R(int) = 0.0480]
99.7 %
Semi-empirical from equivalents
0.9777 and 0.8221
Full-matrix least-squares on F2
7725 /4/407
1.082
R1 = 0.0270, wR2 = 0.0626
R1 = 0.0321, wR2 = 0.0658
0.587 and -0.319 e A-3
180
Chapter 8
Table 2. Crystal data and structure refinement for Mo(NAr)(CH 2CH2)(rq1-Me 2Pyr)(ri 5-
Me2Pyr) (5).
Identification code d10064
Empirical formula C26H37MoN3
Formula weight 487.53
Temperature 100(2) K
Wavelength 1.54178 A
Crystal system Monoclinic
Space group P2 in
Unit cell dimensions a =16.4725(3) A =90'
Volume
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to Omax
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(1)]
R indices (all data)
Largest diff. peak and hole
b = 17.3118(4).
c = 17.0253(4),
4848.89(18) A3
p = 92.8940(10)0
Y 900
1.336 g/cm 3
4.534 mm'
2048
0.25 x 0.15 x 0.15 mm 3
3.64 to 69.3 10
-19 < h < 19, -19<k<21 -20<1<20
69596
9030 [R(int) = 0.0314]
99.6 %
Semi-empirical from equivalents
0.5495 and 0.3969
Full-matrix least-squares on F2
9030/8/581
1.061
R1 = 0.0253, wR2 = 0.0613
R1 = 0.0277, wR2 = 0.0626
1.298 and -0.495 e A -3
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Table 3. Crystal data and structure refinement for Mo(NAr)(CH2 =CHPh)(OSiPh3)2 (7).
Identification code d10080
Empirical formula C68.05H68.77MoNO2Si2
Formula weight 1084.73
Temperature 100(2) K
Wavelength 1.54178 A
Crystal system Orthorhombic
Space group Pna21
Unit cell dimensions a = 18.7023(4) A 90'
b= 17.8584(4) A 900
c= 17.0973(4)A
Volume 57 10.4(2) A3
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 0 max
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(1)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole
4
1.262 g/cm 3
2.626 mm-1
2280
0.45 x 0.25 x 0.22 mm3
3.42 to 69.65'
-22<h<22, -21 <k<21 -20<l<20
108474
10513 [R(int) = 0.0322]
99.5 %
Semi-empirical from equivalents
0.5958 and 0.3845
Full-matrix least-squares on F2
10513 / 1090 / 891
1.067
R1 = 0.0291, wR 2 = 0.0764
R1 = 0.0294, wR 2 = 0.0767
0.013(5)
1.320 and -0.341 eA -3
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Table 4. Crystal data and structure refinement for Mo(NAr)(trans-3-hexene)(OSiPh 3)2
(8a).
Identification code d10102
Empirical formula C54H59MoNO 2 Si 2
Formula weight 906.14
Temperature 100(2) K
Wavelength 1.54178 A
Crystal system Triclinic
Space group P1
Unit cell dimensions a = 11.3281(3) a = 88.4270(10)'
Volume
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 0 max
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2cr(1)]
R indices (all data)
Largest diff. peak and hole
b = 13.8148(3) A
c = 15.4966(4) A
2362.32(10) A3
P = 89.3580(10)0
y = 77.0260(10)0
1.274 g/cm 3
3.066 mm-1
952
0.35 x 0.25 x 0.15 mm3
2.85 to 67.560
-13 < h 5 13, -16 5 k 5 16, -18 5 l5 18
47815
8334 [R(int) = 0.025 1]
97.5 %
Semi-empirical from equivalents
0.6563 and 0.4133
Full-matrix least-squares on F2
8334/2/553
1.076
R = 0.0229, wR 2 = 0.0590
R1 = 0.0231, wR2= 0.0591
0.390 and -0.461 e A -3
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Table 5. Crystal data and structure refinement for Mo(NAr)(C 4Hs)(OSiPh3)2 (9).
Identification code x10021
Empirical formula C53.25H58MoNO 2Si 2
Formula weight 896.13
Temperature 100(2) K
Wavelength 1.54178 A
Crystal system Triclinic
Space group P1
Unit cell dimensions a = 9.7360(3) A a 109.237(2)'
b = 20.5552(6) A = 100.229(2)0
c = 25.9694(8)^ y = 96.548(2)'
Volume 4745.0(2) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 0 max
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(1)]
R indices (all data)
Largest diff. peak and hole
1.254 g/cm 3
3.047 mm-1
1882
0.40 x 0.05 x 0.05 mm 3
4.64 to 67.56'
-8 < h < 11, -24 < k < 24, -31 < l < 31
95714
16972 [R(int) = 0.0576]
99.0 %
Semi-empirical from equivalents
0.8626 and 0.3753
Full-matrix least-squares on F2
16972 / 54 / 1131
1.032
R1 = 0.0393, wR2= 0.1012
R1 = 0.0486, wR2 = 0.1066
1.669 and -1.291 e ^-
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APPENDIX A
Syntheses and Reactivity of Monothiolate and
Bisalkoxide Imido Alkylidene Species of Molybdenum
Appendix
INTRODUCTION
Olefin metathesis reactions catalyzed by high oxidation state molybdenum and
tungsten imido alkylidene complexes have been dominated by bisalkoxide or biphenolate
and related species.' In the last several years new types of imido alkylidene complexes
that have the formula M(NR)(CHR')(OR")(Pyr), where Pyr is a pyrrolide or substituted
pyrrolide ligand and OR" usually is an aryloxide, have been prepared and explored.2
These MAP (MonoAryloxidePyrrolide or MonoAlkoxidePyrrolide) species often can be
generated in situ through addition of R"OH to a M(NR)(CHR')(Pyr) 2 species,2a,3 an
attribute that allows relatively facile examination of many MAP variations, including
monosiloxide analogs of MAP species4 bound to silica.5 These MonoAlkoxidePyrrolide
(MAP) species have many new features of fundamental interest, one of the most
important being a stereogenic metal center. We would like to generate other imido
alkylidene species that contain a stereogenic metal center, and explore their catalytic
properties.
RESULTS
A.1 Syntheses and Reactivity of Monothiolate Imido Alkylidene Species
Addition of 1 equivalent of thiophenol R'SH (R' = 2,6-Me2C6H 3, C6F5 ) to a
diethylether solution of Mo(NAr)(CHR)(2,5-Me 2NC4H2)2 (R = CMe3, CMe2Ph) leads to
the formation of the desired monothiolate species Mo(NAr)(CHR)(2,5-Me 2NC4H2)(SR')
as the major species (eq 1). In the case of compound 1, the bisthiolate species
Mo(NAr)(CHCMe 2Ph)(2,6-Me 2C6H3S)2 is observed in the reaction mixture (about 10%)
by 'H NMR spectroscopy. The desired monothiolate monopyrrolide species 1 can be
separated by selective recrystallization. The syn alkylidene resonances are found in the
'H NMR spectrum (C6D6) at 8 12.38 ppm (1), and 13.61 ppm (2) with JCH ~ 125 Hz in
each case; no alkylidene resonance for the anti isomer was observed in any case.
r i-Pr i-Pr i-Pr
R'SH, Et2O
N1Mo -35 to 22 0C, 1 h N1-MoR
R'S
R = CMe 2 Ph R' = 2,6-Me2C6H3  (1)
R = CMe 3 R'= C6F5 (2)
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The reactivity of these species for enyne metathesis was investigated. The
reactions were performed in C6D6 at 22 'C with 5 mol% catalyst loading and followed by
H NMR spectroscopy. The original alkylidene was consumed, but no desired product
was observed. The monoalkoxide monothiolate alkylidene Mo(NAr)(CHR)(SR)(OR) was
targeted as a more active species for enyne metathesis. To this end, protonolysis of 1 was
investigated. However, the addition of 1 equiv of Me(CF 3)2COH to a -35 'C solution of
Mo(NAr)(CHCMe 2Ph)(2,5-Me2NC4H2)(2,6-Me 2C6H3S) generated the desired species
Mo(NAr)(CHCMe 2Ph)(2,6-Me2C6H3S)[OCMe(CF 3)2] (3) in only 8% yield (Scheme 1).
A more efficient method to synthesize 3 is the addition of 1 equiv of 2,6-Me2C6H3SH to
Mo(NAr)(CHCMe 2Ph)[OC(CF 3)2Me]2. In this manner, 3 is generated in 80% yield.
i-Pr i-Pr i-Pr i-Pr i-P i-Pr
Me(CF 3)2COH N R'SH CF3Et20 Et2O F3C
NII-Mo, CMe 2Ph 35 to 22 C R'S"Mo CMe2 P -35 to 22 *CO CM 2 P
30 min 30 min
R'S (8% yield) O (80% yield) O
F3C CF3  F3C CF3
R'= 2,6-Me 2C6 H3 (3)
Scheme 1. The synthesis of monoalkoxide monothiolate species
Mo(NAr)(CHCMe 2Ph)(2,6-Me2C6H3S)[OCMe(CF 3)2] (3).
The monoalkoxide monothiolate alkylidene 4 was generated by the same method
in 62% yield (eq 2). The 1H NMR spectrum of 4 in C6D6 was monitored. After 1 day at
22 'C two new peaks (3% each) are observed in the 'H NMR spectrum at 8 11.84 ppm
and 12.06 ppm (Scheme 2). The proton resonance at 8 11.84 ppm corresponds to the
bisthiolate species Mo(NAr)(CHCMe 3)(SCMe 3)2, whereas the proton resonance at 6
12.06 ppm corresponds to the bisalkoxide species Mo(NAr)(CHCMe 2Ph)[OC(CF 3)2Me] 2.
After 7 days 8% of the bisalkoxide species was detected by 1H NMR spectroscopy,
whereas the bisthiolate species decomposes with time. The formation of the bisthiolate
and bisalkoxide species suggests a ligand scrambling effect that could occur by the
formation of multimetallic intermediates with bridging thiolates.7 Compounds 3 and 4
were tested for enyne metathesis. The original alkylidene was consumed, but none of the
expected product was observed.
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i-Pr i-Pr
F3C N
F3C 0"'.Mo Ce3
0
F3C + CF3
i-Pr 
-Pr
F3C KC61N
F3C O1 MCMe3 22 C
S
4
Me3CSH
Et20
-35 to 22 C
30 min
(62% yield)
i-Pr i-Pr
F3C
- M .CMe 3 + F3C
S
CF3
7 days
. -
10 miln
13.4 13.2 13.0 12.8 12.6 12.4 12.2 12.0 11.8 ppm
Scheme 2. The ligand scrambling effect observed for 4 by 'H NMR spectroscopy.
A.2 Synthesis and Structure of Mo(NAr)(CHCMe 2Ph)(OBitet) 2
Addition of two equiv of BitetONa to a suspension of
Mo(NAr)(CHCMe 2Ph)(OTf) 2(dme) in diethylether at 22 'C leads to the formation of a
burgundy solid upon workup that displays two alkylidene proton resonances at 8 13.42
and 12.90 ppm. The 19F NMR spectrum shows no resonances, suggesting the formation
of Mo(NAr)(CHCMe 2Ph)(OBitet) 2 (eq 3). The alkylidene proton resonance at 6 13.42
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ppm shows a JCH value of 153 Hz, whereas, the alkylidene proton resonance at 6 12.90
ppm shows a JCH value of 126 Hz. This suggests that the alkylidene at 6 13.42 ppm
displays an anti configuration, whereas the alkylidene at 6 12.90 ppm displays a syn
configuration. Addition of only one equiv of BitetONa to a C6 D6 solution of
Mo(NAr)(CHCMe 2Ph)(OTf)2(dme) leads to the formation of the same reaction mixture,
along with starting material, suggesting that a monotriflate species cannot be isolated
under these conditions. Compound 5 was recrystallized from pentane. The major
compound, anti, was isolated. An X-ray structural study of this isomer is illustrated in
Figure 1 and shows an anti configuration of the alkylidene. The Mo(1)-C(65)-C(66) is
123.9(4) .
i-Pr i-Pr
N
11 ,OTf
MeO-Md=CHCMe 2Ph
OMe
anti 8 13.42 ppm
syn 8 12.90 ppm
(2 equiv)
Et 2 0
22 0 C
1 h
JCH = 153 Hz
JCH = 126 Hz
i-Pr i~- Pr
N
11
BitetO% M , CMe2Ph (3)
4
BitetO
5
anti: syn = 2: 1
burgundy crystals
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Figure 1. Thermal ellipsoid drawing of 5. Thermal ellipsoids are displayed at 50%
probability level. Hydrogen atoms are omitted. Selected distances (A) and angles (0):
Mo(1)-N(1) = 1.706(4) A, Mo(1)-C(65) = 1.949(5) A, Mo(1)-O(1) = 1.976(3) A,
Mo(1)-O(3) = 1.949(3) A, Mo(1)-N(1)-C(53) = 174.0(3)', Mo(1)-C(65)-C(66) =
123.9(4) .
DISCUSSION
Several monothiolate species were synthesized and characterized. The
monothiolate monopyrrolide species can be obtained by protonolysis of bispyrrolides
with 1 equiv of thiophenol. In some cases, formation of bisthiolate species is observed by
H NMR spectroscopy studies (~10% of the reaction mixture). The desired species are
purified by selective recrystallization. Monoalkoxide monothiolate species can be
synthesized in better yields by protonolysis of bisalkoxides with 1 equiv of thiophenol,
rather than by protonolysis of monothiolate monopyrrolide species with 1 equiv of
thiophenol. This difference in reactivity is due to the low pKa value of the thiophenol,
leading to the protonation of both the pyrrolide and the alkoxide ligands. The solution
ligand scrambling effect observed for the monoalkoxide monothiolate species could
occur by the formation of multimetallic intermediates with bridging thiolates.7
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CONCLUSIONS
Mo(NAr)(CHR)(2,5-Me 2NC4H2)(SR') (Ar = 2,6-i-Pr2C6H3; R = CMe3, CMe 2Ph;
R' = 2,6-Me2C6H 3, C6F5 ) have been synthesized by protonolysis of Mo(NAr)(CHR)(2,5-
Me2NC4H2)2 with one equivalent of R'SH. These compounds were found inactive for
enyne metathesis. The monoalkoxide monothiolate alkylidene was targeted as a more
active species. Addition of one equiv of 2,6-Me2C6H3SH to
Mo(NAr)(CHCMe 2Ph)[OC(CF 3)2Me]2  leads to the formation of
Mo(NAr)(CHCMe 2Ph)(2,6-Me2C6H3S)[OCMe(CF 3)2] (3) in good yield. Using the same
method, Mo(NAr)(CHCMe 3)(SCMe3)[OC(CF 3)2Me] (4) was synthesized. A ligand
scrambling effect was observed by 1H NMR spectroscopy leading to the formation of
bisalkoxide and bisthiolate species. Compounds 3 and 4 were found inactive for enyne
metathesis. Mo(NAr)(CHCMe 2Ph)(OBitet) 2 was synthesized by salt metathesis of
Mo(NAr)(CHCMe 2Ph)(OTf) 2(dme) and 2 equivalents of BitetONa. An X-ray structural
study of this compound shows an anti configuration of the alkylidene.
EXPERIMENTAL
General. All manipulations of air and moisture sensitive materials were
conducted under a nitrogen atmosphere in a Vacuum Atmospheres drybox or on a dual-
manifold Schlenk line. The glassware, including NMR tubes were oven-dried prior to
use. Ether, pentane, toluene, dichloromethane, toluene and benzene were degassed with
dinitrogen and passed through activated alumina columns and stored over 4 A Linde-type
molecular sieves. Dimethoxyethane was vacuum distilled from a dark purple solution of
sodium benzophenone ketyl, and degassed three times by freeze-pump-thaw technique.
The deuterated solvents were dried over 4 A Linde-type molecular sieves prior to use. 'H,
13 C spectra were acquired at room temperature unless otherwise noted using Varian
spectrometers and referenced to the residual 1H/13C resonances of the deuterated solvent
('H: CDCl3, 8 7.26; C6D6 , 8 7.16; CD2Cl2 , 6 5.32; C7D8, 6 7.09, 7.00, 6.98, 2.09. 13C:
CDCl3, 6 77.23; C6D6, 8 128.39; CD2Cl2 , 8 54.00; C7D8, 6 137.86, 129.24, 128.33,
125.49, 20.4) and are reported as parts per million relative to tetramethylsilane. The
elemental analyses were performed by Midwest Microlab, Indianapolis, Indiana.
Mo(NAr)(CHCMe 2Ph)(2,5-Me 2NC 4H2)(2,6-Me 2SC 6H 3) (1). A -35 0C solution
of 2,6-Me2 C6H3SH (90.5 mg, 0.655 mmol, 1 equiv) in 5 mL diethylether was added
dropwise to a -35 'C solution of Mo(NAr)(CHCMe 2Ph)(2,5-Me 2NC4H2)2 (387.3 mg,
0.655 mmol, 1 equiv) in 5 mL diethylether. The reaction mixture was stirred at room
temperature for 30 min. The color of the reaction mixture changed from yellow to orange.
The volatile materials were removed under vacuum. After recrystallization from pentane
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336.0 mg orange crystals were obtained (yield = 81%). 1H NMR (500 MHz, C6D6) 6
12.38 (s, 1H, syn Mo=CH, JCH = 122.5 Hz), 7.19-6.87 (m, 11H, Ar), 5.55 (s, 2H,
NC4H2), 5.20-3.30 (br, 2H, MeCHMe), 2.67 (s, 6H, Me2NC4H2), 2.30 (br, 6H,
MeCHMe), 1.72 (s, 3H, CH 3), 1.27 (s, 3H, CH 3), 1.26 (s, 3H, CH 3), 1.20 (br, 6H,
MeCHMe), 0.75 (s, 3H, CH 3); 13C NMR (125 MHz, C6D6) 6 418.1, 153.2, 148.5, 141.2,
128.7, 128.5 (overlaps with benzene), 128.3, 128.0, 126.7, 126.4, 126.3, 124.0, 105.7,
55.3, 30.3, 28.7, 28.1, 25.3, 24.4, 17.4. Anal. Calcd for C36H 46MoN 2S: C, 68.12; H, 7.30;
N, 4.41. Found: C, 67.98; H, 6.97; N, 4.64.
Mo(NAr)(CHCMe 3)(2,5-Me 2NC 4H2)(SC 6Fs) (2). A -35 0C solution of C6F5 SH
(161.1 mg, 0.805 mmol, 1 equiv) in 5 mL diethylether was added dropwise to a -35 'C
solution of Mo(NAr)(CHCMe 3)(2,5-Me2NC4H2)2 (427.7 mg, 0.805 mmol, 1 equiv) in 5
mL diethylether. The reaction mixture was stirred at room temperature for 30 min. The
volatile materials were removed under vacuum to generate a yellow solid. After
recrystallization from pentane 282.2 mg of yellow crystals were obtained (yield = 55%).
H NMR (300 MHz, C6D6) 6 13.61 (s, 1H, syn Mo=CH, JCH = 127.8 Hz), 6.95 (m, 3H,
Ar), 5.47 (s, 2H, NC4H2), 4.15 (br s, 2H, MeCHMe), 2.44 (br s, 6H, Me2NC4H2), 1.22 (m,
12H, MeCHMe), 0.85 (s, 9H, CMe3); 13C NMR (75 MHz, C6D6) 8 329.7, 152.2, 128.2,
124.1, 51.8, 29.8, 28.0, 25.0, 24.5; 19F NMR (282 MHz, C6D6) 6-132.65 (dd, Ar-o-F, J=
27.4, 6.0 Hz), -161.57 (t, Ar-m-F, J= 21.1 Hz), -164.16 (tt, Ar-p-F, J= 27.4, 6.0 Hz).
Anal. Calcd for C29H35F5MoN 2S: C, 54.89; H, 5.56; N, 4.41. Found: C, 55.12; H, 5.63;
N, 4.36.
Mo(NAr)(CHCMe 2Ph)(2,6-Me 2C6H3S)[OC(CF 3)2Me] (3). A -35 0C solution of
2,6-Me 2C6H3SH (103 tL, 0.770 mmol, 1 equiv) in 5 mL diethylether was added
dropwise to a -35 0C solution of Mo(NAr)(CHCMe 2Ph)[OC(CF 3)2Me] 2 (589.7 mg, 0.770
mmol, 1 equiv) in 5 mL diethylether. The reaction mixture was stirred at room
temperature for 30 min. The color of the reaction mixture changed from yellow to orange.
The volatile materials were removed under vacuum. After recrystallization from pentane
341.0 mg of orange crystals were obtained (yield = 80%). 1H NMR (500 MHz, C6D6) 6
12.38 (s, 1H, syn Mo=CH, JCH = 120.0 Hz), 7.23-6.87 (m, 11H, Ar), 3.85 (sept, 2H,
MeCHMe, J= 6.5 Hz), 2.59 (s, 6H, CH 3), 1.48 (s, 3H, CH 3), 1.40 (s, 3H, CH 3), 1.27 (br,
3H, CH 3), 1.18 (d, 6H, MeCHMe, J= 7.0 Hz), 1.10 (d, 6H, MeCHMe, J= 7.0 Hz); 13 C
NMR (125 MHz, C6D6) 6 418.1, 154.0, 148.2, 147.4, 141.4, 140.5, 140.0, 129.2, 129.0,
128.9, 128.7, 127.5, 126.9, 126.4, 123.8, 56.0, 30.6, 28.9, 24.6, 24.4, 24.3, 24.1, 24.0,
23.1, 19.6, 14.6; 19F NMR (282 MHz, C6 D6 ) 6 - 77.44 - (-77.64) (m, CF 3), -77.84 - (-
78.18) (m, CF 3). Anal. Calcd for C34H4 1F6MoNOS: C, 56.58; H, 5.73; N, 1.94. Found: C,
56.75; H, 5.65; N, 1.98.
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Mo(NAr)(CHCMe 3)(SCMe 3)[OC(CF 3)2Me] (4). A -35 'C solution of t-BuSH
(140 tL, 1.238 mmol, 1 equiv) in 5 mL diethylether was added dropwise to a -35 OC
solution of Mo(NAr)(CHCMe 3)[OC(CF 3)2Me]2 (870.9 mg, 1.238 mmol, 1 equiv) in 5 mL
diethylether. The reaction mixture was stirred at room temperature for 30 min. The color
of the reaction mixture changed from yellow to orange. The volatile materials were
removed under vacuum. After recrystallization from pentane 469.4 mg of orange crystals
were obtained (yield = 62%). 'H NMR (300 MHz, C6D6) 6 12.85 (s, 1H, syn Mo=CH,
JCH = 118.4 Hz), 7.00 (m, 3H, Ar), 4.01 (sept, 2H, MeCHMe, J = 6.6 Hz), 1.54 (s, 9H,
SCMes), 1.46 (br, 3H, CMe(CF3)2), 1.28 (d, 6H, MeCHMe, J = 6.2 Hz), 1.26 (d, 6H,
MeCHMe, J= 6.2 Hz), 1.05 (s, 9H, CMe3 ); 13C NMR (75 MHz, C6D6) 6 301.1, 153.5,
147.6, 128.8, 124.0, 49.7, 47.1, 36.0, 30.7, 28.5, 24.9, 24.2, 19.9; 19F NMR (282 MHz,
C6D6) 6 -77.73 (q, J= 9.0 Hz), -78.19 (q, J= 9.0 Hz). Anal. Calcd for C25H39F6MoNOS:
C, 49.10; H, 6.43; N, 2.29. Found: C, 48.96; H, 6.39; N, 2.26.
Mo(NAr)(CHCMe 2Ph)(OBitet)2 (5). A solution of BitetONa (787.6 mg, 1.340
mmol, 2 equiv) in 10 mL diethylether was added dropwise to a suspension of
Mo(NAr)(CHCMe 2Ph)(OTf) 2(dme) (529.8 mg, 0.670 mmol, 1 equiv) in 10 mL
diethylether. The reaction mixture was stirred at room temperature for 1.5 h. The reaction
mixture changed from yellow to burgundy. The volatile materials were removed under
vacuum. Pentane was added and the reaction mixture was filtered through Celite. After
recrystallization from pentane 716.3 mg of burgundy crystals were obtained as a mixture
of anti and syn isomers (yield = 70%). 'H NMR (500 MHz, C6D6) anti isomer - selected
peaks - 6 13.42 (s, 1H, anti Mo=CH, JCH = 153.0 Hz), 3.83 (sept, 2H, MeCHMe, J= 6.5
Hz), 1.11 (s, 9H, SiCMe3 ), 0.50 (s, 3H, SiCH3), 0.02 (s, 3H, SiCH3), -0.02 (s, 3H,
SiCH3), -0.25 (s, 3H, SiCH3); syn isomer - selected peaks - 6 12.90 (s, 1H, syn Mo=CH,
JCH = 126.0 Hz), 3.41 (sept, 4H, MeCHMe, J = 6.5 Hz), 0.94 (s, 9H, SiCMe3), 0.54 (s,
3H, SiCH3), 0.33 (s, 3H, SiCH3), 0.21 (s, 3H, SiCH3), 0.11 (s, 3H, SiCH3); 13C NMR
(125 MHz, C6D6) 6 306.0 (anti Mo=CH), 289.9 (syn Mo=CH), 162.3, 159.0, 158.4,
155.6, 154.8, 151.8, 150.8, 149.1, 149.0, 148.9, 148.6, 147.9, 145.9, 138.2, 137.6, 137.3,
137.0, 136.9, 136.8, 136.6, 136.3, 134.2, 134.1, 133.9, 133.8, 132.8, 132.7, 132.6, 132.5,
132.4, 132.2, 132.1, 131.8, 131.5, 131.4, 131.2, 130.9, 130.5, 129.6, 129.3, 129.2, 129.1,
129.0, 128.9, 128.8, 128.7, 128.5, 128.3, 126.4, 126.3, 126.2, 126.1, 124.0, 123.9, 115.4,
113.3, 113.2, 113.0, 112.9, 112.6, 112.5, 112.4, 55.4, 51.2, 34.8, 33.3, 31.8, 30.1, 30.0,
29.7, 29.6, 29.5, 29.4, 29.3, 29.0, 28.8, 28.7, 28.4, 28.2, 28.0, 27.9, 27.8, 27.4, 27.1, 26.9,
26.8, 25.9, 25.4, 24.2, 24.1, 24.0, 23.9, 23.8, 23.7, 23.6, 23.5, 23.5, 23.4, 23.4, 23.4, 23.3,
23.1, 19.9, 19.5, 19.4, 19.3, 14.7, -0.8, -1.8, -2.4, -2.5, -2.6, -3.0. Anal. Calcd for
C74H95Br 4MoNO 4 Si2 : C, 57.93; H, 6.24; N, 0.91; Found: C, 58.19; H, 6.46; N, 1.03.
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Table 1. Crystal data and structure refinement for Mo(NAr)(CHCMe 2Ph)(OBitet) 2 (5).
Empirical formula C84H1 19Br 4MoNO 4Si 2
Formula weight 1678.56
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P21
Unit cell dimensions a = 11.5473(10) A = 90'
b = 19.0653(17)^ = 103.6820(10)0
c = 19.1249(17) A 90
Volume 4090.9(6) A3
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to Omax
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I> 2a(I)]
R indices (all data)
Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole
1.363 g/cm3
2.191 mm-1
1744
0.08 x 0.06 x 0.05 mm3
2.11 to 26.000
-14 < h < 14, -23 < k < 23, -23 < l <23
42828
16074 [R(int) = 0.0499]
99.9 %
Semi-empirical from equivalents
0.8984 and 0.8442
Full-matrix least-squares on F2
16074 / 54 / 881
1.043
R1 = 0.0429, wR2 = 0.0919
R1 = 0.0543, wR2 = 0.0961
0.022(5)
na
1.353 and -1.286 e A-3
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